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Abstract
Abstract
As one of the world's most devastating diseases, tuberculosis is a global health crisis, with over 
two billion people infected. Despite extensive research into the disease spanning more than a 
century, it remains the number one killer due to a single infectious agent, making Mycobacterium 
tuberculosis, the causative agent, one of the most successful human pathogens. The bacterium is 
able to persist as a long-term infection, known as latent tuberculosis. Bacterial persistence is 
believed to be the root cause of latency. One characteristic of persister cells is that they are 
phenotypically tolerant to the action of antibiotics; a trait which has important implications in 
tuberculosis chemotherapy. Establishing in vitro models of persistence is an important element 
of the study of latent tuberculosis. To gain insight into persistence of tuberculosis, microfluidic 
devices were designed and manufactured in order to study single cell behaviour of the model 
organism Mycobacterium smegmatis. Microfluidic devices comprising polydimethylsiloxane and 
glass were designed and constructed using photolithography and soft lithography techniques. The 
growth of single cells of M. smegmatis expressing the green fluorescent protein was monitored 
using fluorescence time-lapse microscopy. The cells were exposed to an antibiotic, and 
subsequent cell death was directly observed. This technique allows cell genealogy to be 
determined and observation of rare events, such as persistence, can be made. Furthermore, a flow 
cytometry protocol was established in which nutrient starvation, and nutrient deprived stationary 
phase in M smegmatis caused increased resistance to antibiotic stress, while maintaining 
viability in vitro. This method could ultimately allow high-throughput screenings for drugs 
against persistent M tuberculosis.
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Introduction
1 Introduction
1.1 Background
Mycobacterium tuberculosis, an almost exclusively human pathogen, effectively evades the 
innate immune response of its human host through its ability of establishing and maintaining a 
latent infection for many decades (Stewart et ah, 2003). Latency can be defined as the 
persistence of the bacteria in the infected host in the absence of clinical disease and symptoms 
and without the release of bacteria from the host. Reactivation of the bacteria can occur 
sometime later resulting in active tuberculosis (TB) thus producing a continuing reservoir of 
bacteria able to spread to and infect other hosts. The difficulty in controlling TB worldwide is a 
direct result of the enormity of latent TB. One third of the human population is believed to be 
infected with the pathogen, harbouring persistent M. tuberculosis, primed for possible 
reactivation and initiation of the clinical disease. Elucidating the mechanisms underlying the 
establishment, maintenance and reactivation of latent TB is an important goal for researchers 
within the field. As a result, it is important to gain an understanding of the persistence 
phenomena in M tuberculosis.
Bacterial persistence is an epigenetic trait and develops randomly in a bacterial population, 
changing the phenotype without affecting the genotype. One distinguishing attribute of persister 
cells is that they are tolerant to the action of antibiotics; a trait which has important implications 
in TB chemotherapy (Keren et al., 2004a, Lewis, 2007). However, despite being observed more 
than 60 years ago (Bigger, 1944), the mechanisms behind bacterial persistence remain obscure. 
In order to clarify this puzzle, it is crucial to know whether persistent bacteria differ fi*om others 
prior to the application of the antibiotic and if so, investigate the causes of potential triggers.
It is important to be able to distinguish persistent and dormant bacilli. The term, bacterial 
persistence, can be defined as a non-inherited phenotypic state in which a firaction of cells in a 
population are tolerant to microbidical antibiotics and neither grow nor die in its presence. This
1
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is the reason why the minimum inhibitory concentration (MIC) of a drug is defined as the lowest 
drug concentration which inhibits growth of more than 99% of a bacterial population and not 
100%. Persister cells may or may not be dormant. Dormant bacilli are bacteria that do not grow 
immediately on plates, but can be resuscitated under specific conditions. However, despite this 
distinction, persistent and dormant bacteria are both phenotypically antibiotic tolerant (Zhang et 
al., 2005).
Establishing in vitro models of TB persistence is an important element of the study of latent TB. 
These provide simple experimental approaches for studying the physiological and genetic 
mechanisms of persistence, and are useful in the search for novel drug testing against latent TB. 
Several models of TB persistence have been developed in the past and include the hypoxia 
model, nutrient starvation model and extended stationary phase model (Wayne and Haynes, 
1996, Wayne and Sohaskey, 2001, Betts et al., 2002, Hampshire et al., 2004, Shleeva et al., 
2004, Shleeva et al., 2002). The stationary phase is defined as the plateau of the bacterial growth 
curve, after logarithmic phase of growth, during which cell numbers remain constant; new cells 
are produced at the same rate as other cells die. Although these studies have been significant in 
TB research, an obvious limitation of these batch culture testing methods are that cells are in a 
poorly defined environment and individual cell parameters become lost as the data is averaged 
for the whole population. Even in a genetically homogeneous population, significant cell-to-cell 
variation exists. As a result of these limitations, the potential triggers of persistence in cells need 
further analysis including quantitative studies and studies of individual cells. This should provide 
insight into the nature of TB persistence.
The implementation of single cell techniques, make it possible to achieve a deeper understanding 
of the persistence phenomenon, thus facilitating research in drug discovery, treatment and 
prevention of disease (Sott et al., 2008). Recent technological advances in micro and 
nanotechnology have provided means of constructing systems and tools at the micron and nano 
scale that have applications in microbiology. One application, which has impacted microbiology, 
is the use of microchannels for the transport of and delivery of fluids to cells. This field, known 
as microfluidics, is a new technology that has many characteristics which makes it suitable for 
the study of cells. The recent development of transparent microfluidic devices, make it possible
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to trap single cells during fluorescence time-lapse microscopy and study the response of the cells 
to environmental perturbations (Weibel et ah, 2007, El-Ali et ah, 2006, Craighead, 2006, 
Balaban, 2004).
1.2 Overall objectives of this project
The ultimate aim of this research project was to develop in vitro protocols where single cell 
behaviour of the surrogate bacterial model of M tuberculosis, Mycobacterium smegmatis, could 
be investigated in a controlled environment. This would be achieved by:
1. Designing and manufacturing a microfluidic device, which would provide a controlled 
environment where the growth of cells could be recorded under normal conditions, using 
a confocal laser microscopy to perform time-lapse microscopy.
2. Investigate antibiotic susceptibility of individual cells by exposing the cells to antibiotics 
and observe death, and detect possible persister cells.
3. Keeping in mind the mycobacterial models of latency in TB, establish a method for 
investigating potential triggers of bacterial persistence using flow cytometry.
Microfluidic device were designed and constructed using photolithography and soft lithography 
techniques to pattern layers of polydimethylsiloxane (PDMS); a transparent polymer with many 
characteristics suitable for cell culture. Using these devices, the growth of M smegmatis cells 
expressing the green fluorescent protein (GFP) was observed, and by exposing the cells to 
antibiotic, possible survivor cells (persister cells) could be detected. The history of these can then 
be investigated using time-lapse microscopy. Flow cytometry experiments were employed in 
parallel in order to perform rapid quantitative analysis on the live and dead sub-populations of M 
smegmatis cells which had been cultured in different conditions and in various nutrient media, 
prior to being subjected to antibiotic treatment.
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1.3 Research questions
During the start of this project, three specific research questions were initially formulated, with 
focus on two major concepts: (1) The design and manufacture of a microfluidic system with the 
capabilities of supporting long-term culture of mycobacteria while maintaining a stable 
environment; and (2) information regarding the nature of bacterial persistence in mycobacteria, 
which would partly be input directly from the first research concept.
1. How should a microfluidic device be designed and manufactured for monitoring real time 
growth and death of mycobacteria?
2. Can mycobacterial persister cells be detected and examined using microfluidics, and if 
so, what defines a persister cell?
3. How do mycobacterial persister cells differ from persister cells in E. coli, and in light of 
this, what is the optimum method of treating persistent mycobacterial cells?
The three research questions formulate a broad set of research topics to be explored and 
consequently generate a large number of questions and issues to be explored. To answer all these 
questions is beyond the scope of this current project and as a result, the initial focus was 
delimited to the first research question; designing and manufacturing a microfluidic device 
suitable for the culture of mycobacteria. It was also considered that antibiotic tolerance in 
mycobacteria can be investigated using a high-throughput quantitative technique, as an 
alternative to microfluidics and time-lapse studies. This lead to the fourth research question:
4. Can models of TB latency be measured quantitatively in vitro using flow cytometry?
The work conducted and presented in this thesis directly addresses the first and fourth research 
question above. The first research question was addressed using a bottom-up approach, whereas 
the fourth research question was tackled using a top-down approach. More explicitly, in order to 
design and manufacture the microfluidic device, all the individual components were assembled 
and manufactured before finally being brought together. The device was then set up as part of a 
larger unit to enable the time-lapse experiments. On the contrary, the flow cytometry
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experiments were designed by considering the scope of M tuberculosis persistence and applying 
certain models to study in vitro antibiotic tolerance in M smegmatis. However, it is important to 
note that all three initially formulated research questions provide a contextual background and 
had implications on the choices made during the research project.
1.4 Disposition of the thesis
The research is presented in the following way. In chapter 1, the introduction chapter, the 
motivation behind the research project is introduced and the overall aim of the study and the 
research goal and research questions are addressed. Following this, the thesis disposition is 
discussed. In chapter 2, the literature review is presented, and a comprehensive background on 
topics including tuberculosis, bacterial persistence, microfabrication technologies and 
microfluidics for single cell study is provided. In chapter 3, the scientific approach of this study 
is presented and provides an extensive review of the materials and methods employed during the 
course of this project. The main results of this thesis are provided in three separate chapters. The 
first, chapter 4, involves the design and fabrication of microfluidic devices using various 
lithographic techniques. Furthermore, this chapter discusses the design alterations and 
optimisations that were made to the microfluidic devices, which were necessary to make them 
suitable for the culture of mycobacteria and long-term time-lapse microscopy of single cells. The 
second results chapter, chapter 5, utilises many of the optimisations of the device fabrication 
process that enabled the setting up of fluorescence time-lapse microscopy to create movies which 
demonstrated the growth of single cells and tested antibiotic susceptibility. The time-lapse 
movies presented in chapter 5 are supplied as supplementary material on CD-Rom. In the final 
results chapter, chapter 6, a flow cytometry protocol is developed to investigate potential triggers 
of antibiotic persistence in mycobacteria, including stationary-phase-induced nutrient starvation, 
and inorganic phosphate limitation. The verification and validity of the chosen methods and 
performed research are further discussed and summarised in chapter 7, conclusions. This chapter 
also comments on future research opportunities.
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2 Literature Review
2.1 The global threat of tuberculosis
With over two billion people infected, and two million lethal cases each year, TB remains an 
expanding global health crisis that urgently requires the development of new therapeutic and 
preventative strategies. Of the estimated two billion people infected, 5-10% will subsequently 
develop the clinical disease and each year, approximately eight million people develop the active 
form of the disease with two million lethal cases (Dye et al., 1999, Bloom and Murray, 1992). 
The risk of developing the disease greatly depends on the immune status of the host. For 
instance, co-infection with HIV increases the occurrence of both forms of disease significantly 
(Selwyn et al., 1989). Despite these grim statistics, the currently available methods of treatment 
and prevention remain limited. No new antituberculous agents have been introduced in the past 
40 years and there lacks a uniformly effective and safe vaccine in the market today. The 
pathogenesis of TB is utterly complex and reflects dynamic interactions between the virulence of 
M tuberculosis and the human immune response. The dynamic interaction between the tubercle 
bacilli and human macrophages are a central aspect of the pathophysiology of the disease. This is 
demonstrated from the initial infection of the macrophages, to the lysis of the macrophages and 
the resultant dissemination of the bacteria through the lymphatic system, to restriction of 
bacterial proliferation by the immune system, and finally to the breakdown of cell-mediated 
immune defences and the reactivation of the latent infection.
The period between primary TB, which typically develops 1 to 2 years after initial infection and 
is associated with disseminated disease, and post-primary TB which develops later in life, is 
known as latent TB. Latent TB is a long-term asymptomatic infection and the ability of the 
bacterium to persist in this state is central to understanding the biology of the disease (Stewart et 
al., 2003, Rook and Hemandez-Pando, 1996).
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2.1.1 Pathology of the disease
M tuberculosis is part of the mycobacterium family. Mycobacteria are rod-shaped bacteria and 
are classified as obligate aerobes and derive energy fi*om the oxidation of simple carbon 
compounds. They are neither classed as gram-positive nor gram-negative as the cell envelope of 
M. tuberculosis differs significantly fi*om the cell wall structures of both gram-negative and 
gram-positive bacteria. In addition to the cell membrane and peptidoglycan layers found in other 
bacteria, the cell envelope contains a large hydrophobic layer of mycolic acids in addition to a 
large array of distinctive lipids and glycolipids. As such, they are characterized by ‘acid­
fastness’; their lipid-rich cell wall retains the Carbol fuchsin dye in the presence of acidic alcohol 
used in the acid fast staining procedure. Furthermore, the vast array of lipids and glycolipids in 
the cell membrane results in extreme hydrophobicity on the outer surface of the organism. 
Another characteristic of mycobacteria is their slow growth rate compared to most other bacteria; 
the doubling time of M tuberculosis being approximately 18 hours. This is significant in terms 
of the disease, since detection of TB is delayed by several weeks after the initial infection. Other 
mycobacteria include Mycobacterium leprae, which causes leprosy. In tissue, the tubercle bacilli 
are present as thin straight rods measuring approximately 0.4 x 3pm (Brooks et al., 1998).
M tuberculosis has no natural reservoirs outside of man, and so the natural habitat to which the 
organism must respond is defined exclusively by its history within the host. In order to cause 
infection, the bacteria have to penetrate deep into the alveoli of the lungs and do so in forms of 
droplets of 1-5pm. This is usually transmitted by the cough of a person with the active disease 
and inhaled by an uninfected person (Brooks et al., 1998, Stewart et al., 2003). This initial 
primary infection involves replication of M tuberculosis inside the alveolar macrophages, spread 
to local lymph nodes inside the lung and subsequent dissemination to remote parts of the body. 
The thick mycobacterial cell wall of M tuberculosis provides some resistance against the 
microbicidal mechanism of the macrophages. Furthermore, the bacteria possess a range of 
enzymes that detoxify oxidative radicals. As a result, M tuberculosis can occupy an immature 
phagosomal compartment and is screened from the most effective antimicrobial drugs (Rhoades 
and Ullrich, 2000, Russell, 2001). Thus, M tuberculosis is able to replicate and grow inside the 
macrophages during the initial stages of infection. The primary infection is almost always 
asymptomatic in adults and the onset of the host immune response controls active bacterial
Literature Review
infection. Despite this effective control by the host immune system of the primary infection, the 
bacteria are almost never eradicated and are highly effective in establishing latency. During 
latent TB, the infected person does not have clinical or active TB but harbours bacilli that have 
the ability to reactivate sometime later. This reactivation frequently occurs in the lungs (although 
could involve any number of organs) of immunosuppressed individuals as a result of diseases 
such as AIDS, and often in seemingly healthy people. Characteristics of the disease include 
weight loss, fever, and in cases of pulmonary reactivation, cough. The cough is a symptom of 
chronic inflammation, and is the means by which the organism disseminates to new hosts. 
Further symptoms of chronic inflammation include tissue destruction that eventually liquefies 
infected portions of the lung. These symptoms are mediated by the action of the immune system 
rather than the toxicity of the tubercle bacillus itself (Glickman and Jacobs, 2001).
Understanding the interaction between the bacterial pathogenesis and the immune response 
against the disease is of major importance and remains an area of intense investigation. M 
tuberculosis has evolved several distinct and important pathogenic strategies in order to be able 
to survive within the host. Firstly, the organism is able to successfully enter and replicate within 
host macrophages. Secondly, it is able to either resist the host immune response or evade it 
through modification to allow the host to control the bacterial replication without sterilization. 
Finally, it must be able to persist within the host for prolonged periods of time in a relatively 
inactive state while retaining the ability to reactivate.
M tuberculosis gains entry into the macrophages by using several cell surface receptors, and 
once inside resides within a membrane bound vacuole (Ernst, 1998). It alters the maturation of 
this phagosomal compartment in order to ensure its survival within this environment, which 
involves a change of protein content inside the vacuole and results in the lack of acidification 
(Rhoades and Ullrich, 2000). A major goal of future experiments will be to shed light on the 
relationship between specific M. tuberculosis products, intercellular survival within the 
macrophage, and the interrelationships between altered response of the macrophages and the 
complex pathology of the infection.
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The main source of infection lies in close contact and regular exposure to humans who excrete 
large numbers of tubercle bacteria from the respiratory tract through droplet nuclei. The risk of 
acquiring the disease depends on the risk of infection and the risk of developing the active form 
of the disease once infection has been established. The risk of acquiring the disease depends on 
the exposure to the infectious bacilli, which in turn is proportionate to the rate of active infection 
in the population, disadvantageous socioeconomic circumstances, and inadequate medical care. 
The risk of developing the clinical disease after being infected with M tuberculosis depends 
upon various factors such as age (with higher risk in infancy and in the elderly population), 
malnutrition, immunological conditions, coexisting diseases (such as diabetes and HIV infection) 
and genetic predisposition (Brooks et al., 1998).
With regular reports on the rising number of TB cases in the media, the fact that TB is soon 
becoming a ‘global problem’ has hardly gone unnoticed. The WHO estimated 9.4 million new 
cases of TB in 2008, a rise from 9.3 million in 2007, with 1.8 million deaths (of which 500,000 
were HIV positive) in 2008. Although the estimated global incidence, at 139 cases per 100 000 
population in 2008, is lower than the peak in 2004 of 143 cases per 100 000, the rates are falling 
very slowly globally. The total number of deaths and cases is still rising due to population 
growth. Furthermore, in 2008 the highest case of multidrug-resistant TB (MDR-TB) was 
recorded, at 22% of the total number of new TB cases. The Stop TB Partnership has set new 
goals for 2015 to halve prevalence and deaths in comparison to 1990, and if the current program 
is implemented, 14 million lives could be saved and 50 million people will be treated (WHO, 
2009).
2.1.2 Current issue with treatment
One important reason for the current difficulty in controlling TB is that even when the best 
available chemotherapy is used, the treatment needs to be followed for a minimum period of 6 
months. While this may seem feasible in theory, it is not a realistic proposition in most 
developing countries. Furthermore, in many cases the patient starts to feel well after a few weeks 
of taking the medication and discontinues the treatment. The obvious solution is directly 
observed therapy, in which the patient is directly supervised while taking every dose. However,
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this is not always a viable alternative. Furthermore, the treatment is not entirely risk-free, with 
high rates of hospitalisation and death from liver injury as a result of the combination of these 
drugs (Rook and Hemandez-Pando, 1996).
Currently, a combination of four dmgs, isoniazid, rifampicin, pyrazinamide and ethambutol, is 
recommended for the treatment of active TB, if caused by dmg susceptible M. tuberculosis. 
Therapy consists of an initial intensive 2-month treatment with all four dmgs, followed by a 4- 
month continuing phase of treatment with isoniazid and rifampicin. The reason for this type of 
multi-dmg therapy is to avoid the development of dmg-resistant mutants. Resistance of M. 
tuberculosis to antituberculous dmgs is a major public-health threat, particularly among patients 
infected with HIV. It is now known that resistance to isoniazid stems from mutations to the 
catalase-peroxidase gene, katG (Zhang et al., 1992), and resistance to isoniazid and ethionamide 
results from mutations in the inhA gene (Banerjee et al., 1994). It has also been demonstrated 
that resistance to rifampicin (Telenti et al., 1993), streptomycin (Honoré and Cole, 1994, Finken 
et al., 1993) and fluoroquinolones (Takiff et al., 1994) arise from missense or point mutations in 
genes encoding bacterial RNA polymerase, certain ribosomal sub-units, and DNA gyrase 
respectively.
M. tuberculosis typically displays a bimodal distribution of minimum inhibitory concentrations 
(MIC), defined as the lowest dmg concentration which inhibits growth of more than 99% of a 
bacterial population, (Allen, 1998) with a highly susceptible population with low MICs and a 
subpopulation with relatively high MICs that has some mechanism of resistance. In order to 
determine the effective dmg dosages and breakpoint concentration of a particular antibiotic dmg, 
the MIC is used together with pharmacologic factors, such as achievable dmg levels in blood and 
tissue. The breakpoint concentration should be higher than the highest MIC of wild-type 
populations, but lower than the MIC found among isolates that are considered resistant. It should 
also be less than the achievable dmg plasma level at a standard or tolerable dmg concentration.
There are two interrelated reasons for the 6 month treatment regimen. The chemotherapy kills 
the majority of the bacteria within the first few weeks, but persister cells (phenotypically 
antibiotic tolerant cells) that are seemingly not metabolizing, are not killed in this initial
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treatment phase. These may be in prolonged stationary phase, or just extremely slow growing 
compared to non-persisters that are sensitive to the chemotherapy. It is well known that when 
bacteria enter the stationary phase of growth (the plateau of the bacterial growth curve during 
which total cell numbers remain constant), they become non-susceptible to many antibiotics, 
even though the bacteria are fully viable. According to Stewart et al (2003), when considering 
TB and the issue of latency and bacterial persistence, some of the important questions are: What 
is the phenotypic nature of the persister cells? And, what is the relative contribution of persister 
cells in establishing post-primary disease? In order to try to answer these complex questions, it is 
important to gain an understanding of the persistence phenomena (Stewart et al., 2003).
2.2 The problem with persistence
It has been known since the 1940’s, that growing cultures of bacteria cannot be completely killed 
through antibiotic treatment; a small fraction of cells persist. These cells, which were not simply 
antibiotic resistant mutants, were proposed as dormant, non-dividing persister cells (Bigger, 
1944). Forty years after this initial study, Harris Moyed (Moyed and Bertrand, 1983) discovered 
E. coli mutants that produced persister cells at high frequency, but were unable to grow in the 
presence of ampicillin. One such persister mutation was attributed to the hipA gene. The hipA7 
allelic gene was found to produce approximately 1% persisters that survived treatment with 
ampicillin, which is -1000 times more than in the wild type strain (Moyed and Bertrand, 1983, 
Moyed and Broderick, 1986). The antibiotic tolerance exhibited by persisters might result 
through prevention of target corruption by a bactericidal agent by means of blocking of the 
antibiotic target(s).
Keren et al. investigated the rate of E. coli persister-cell formation over time and demonstrated 
that few cells are formed at early-logarithmic phase of growth, followed by a marked increase in 
persister-cell formation at mid-logarithmic phase, reaching a maximum in the non-growing 
stationary phase. The authors further investigated whether persisters isolated at early logarithmic 
phase of growth were introduced from the stationary phase culture inoculum or formed de novo. 
The culture was kept in early logarithmic phase by repeated dilution and regrowth, and after four
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cycles the persister cells had disappeared. The authors explained that this signifies that persisters 
were preformed rather than being produced as a result of antibiotic treatment (Keren et al., 
2004a, Keren et al., 2004b). Lewis argued that because the highest frequency of persister 
formation occurs in the stationary phase of growth, the main function of these bacteria could be 
to ensure the survival of the non-growing population. If persisters are dormant or slow growing 
and exhibit little or no cell-wall synthesis, the antibiotic molecules will bind to, but will be 
unable to corrupt the function of the target molecules. Thus, the persisters have acquired 
resistance to killing by the drug, but at the price of non-proliferation. Although it may seem 
logical for the entire cell population to enter this protected survival state, the benefits of being a 
regular, dividing cell seems to originate from its ability to rapidly resume growth. As a result, it 
seems that the optimal individual strategy is not to enter into persistence, suggesting it to be an 
altruistic state benefiting the majority of the bacterial population (Lewis, 2007).
Recently, studies using microfluidics to study bacterial persistence of E. coli hipA7 demonstrated 
that the progeny of persistent survivals are equally susceptible to antibiotic exposure as were the 
parental cells (Balaban et al., 2004). Balaban et al., explain persistent bacteria survive because 
they exist in a transient dormant state, which protects them from the antibiotic action and allows 
them to stochastically switch back to a normal growth phase. In order to elucidate the nature of 
persistence, researchers need to investigate whether persistent bacteria differ from the main 
population before exposure to antibiotics has occurred, and if so, the trigger of such 
differentiation needs to be explored. Clarifying the mechanism by which persistence and 
stochastic switching occurs is of great clinical importance as the presence of persistent bacteria 
may be important in the aetiology of recalcitrant diseases such as TB.
Although the mechanisms underlying persister-cell formation remain unknown, the dynamics of 
persister formation provides an interesting insight into the strategy of bacterial persistence. 
Unfortunately, the standard genetic approaches seem poorly suited to searching for the persister 
genes often resulting in false-positives and false-negatives during screening as well as lack of 
methods for the isolation of persister cells.
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2.3 Use of models to study tuberculosis
A variety of experimental models have been suggested for study of TB. In vitro models have 
mainly been developed to study M tuberculosis in isolation. Such models, although useful are 
limited in their ability to account for host-pathogen interactions. Other models are based on using 
non-pathogenic strains of mycobacteria, and therefore their application for the study of 
pathogenic M tuberculosis can be questioned. It is unrealistic to expect any one model to 
provide a basis for the full study of human TB, and perhaps traditional approaches of both in 
vitro and in vivo studies need to be complemented with studies on a much smaller scale, namely 
single cell techniques (O'Toole, 2010).
2.3.1 Physiological state of Mycobacterium tuberculosis in vivo
The physiology and location of latent M tuberculosis has been a cause for debate within the 
research field with the central doctrine heing that the bacteria lie intra- or extracellularly within 
macrophages encapsulated by the fibrotic granulomatous or calcified lesions together with 
pulmonary lymph node granulomas, which comprise the Ghon’s complex (Ghon, 1923).
The formation of granulomas is a trademark of infection with M tuberculosis and its 
maintenance likely plays an important role in the pathogenesis of the disease. TB granulomas are 
dynamic and diverse in structure, even within the same host, and typically comprise series of 
highly differentiated macrophages as well as other cells of the immune system that restrain M 
tuberculosis (Co et al., 2004). A main characteristic of human tuberculous granulomas is the 
presence of a central area of caseous necrosis, devoid of cells, surrounded by lymphocyte cuffs 
consisting mostly of lymphocytes and macrophages. However, granulomas can also be calcified 
and fibrotic and non-necrotic. The centres of non-necrotic granulomas consist of macrophages 
and giant cells. Both necrotic and non-necrotic forms are frequently found in humans, whereas 
mice generally only form non-caseating granulomas (Fenhalls et al., 2002). It is postulated that 
small and solid granulomas contain the infection, whereas large, necrotic granulomas lead to 
bacterial dissemination and greater pathology (Saunders and Cooper, 2000). While the 
granuloma can prevent the disease by preventing bacterial dissemination, it can provide a
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suitable protective environment for persistent bacteria, allowing M tuberculosis to survive 
longer while retaining the ability to reactivate and disseminate to another host. As a result, the 
formation of the granuloma and can be seen as advantageous for both the bacteria and host; a 
sort of symbiosis between M. tuberculosis and its human host.
The chemical and physical characteristics of the microenvironment of the granuloma is not 
known; however, since the 1950s it has been suggested that it provides a hypoxic environment, 
prompting changes in the physiological state of M tuberculosis and results in latent TB infection 
(Sever and Youmans, 1957a, Sever and Youmans, 1957b, Sever and Youmans, 1957c). This 
concept motivated the in vitro hypoxia model of non-replicative persistence, in which the growth 
of M tuberculosis is arrested due to reduced availability of oxygen (Wayne and Sohaskey,
2001). In this state, M tuberculosis becomes phenotypically resistant to the antituberculous 
antibiotics ethambutol and isoniazid, and displays reduced susceptibility to rifampicin, while 
acquiring unique susceptibility to metronidazole (Wayne and Haynes, 1996, Wayne and Sramek, 
1994). Little evidence existed to support this hypothesis until recently, in which studies have 
demonstrated that TB granulomas are hypoxic in several animal models including non-human 
primates (Via et al., 2008, Lenaerts et al., 2007). These findings were partly facilitated through 
the development of new technologies.
2.3.2 In vitro models of mycobacteriology
The value of studying fast-growing species of mycobacteria was recognised in the 1940s through 
the work of the Nobel laureate, Selman Waksman, where drug screening against the fast-growing 
non-pathogenic Mycobacterium phlei, ultimately led to the discovery of the drug streptomycin, 
which was the first antibiotic to be used as an effective treatment against TB. Other fast growing 
non-pathogenic species, such as Mycobacterium smegmatis have since been used in the study of 
TB. M smegmatis, which was originally isolated from human smegma, in 1885, is a non­
pathogen and is generally regarded to be an environmental saprophyte with no clinical 
significance (O'Toole, 2010). It is frequently used in laboratory studies as a model for TB 
because of its rapid growth on simple culture media, with a doubling time of 2-3 hours compared 
to approximately 20 hours for M tuberculosis and Mycobacterium bovis. The species can also 
survive high temperatures during incubation and grows in temperatures of up to 45°C.
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The suitability of the saprophytic, non-pathogentic, and fast growing M smegmatis as a model 
for the pathogenic and slow growing M tuberculosis has however been questioned by leading 
researchers in the field who reason that M smegmatis is not a human pathogen and can therefore 
cannot be considered a suitable model for TB (Barry, 2001). Some taxonomists have also argued 
that the fast growing species should be separated into a new genus, Mycomycobacterium 
(Tsukamura, 1967), and although this view is not shared by all mycobacterial taxonomists it 
demonstrates significant differences between the two species. The most potent uses of M 
smegmatis is for study of genetics or physiology of mycobacteria as many of the regulators of 
gene expression in M tuberculosis have counterparts in M smegmatis (O'Toole, 2010). M 
smegmatis has been widely used as a model for the study of processes such as mycobacterial 
biofilm formation, cell division and morphology, starvation and hypoxia studies, and gene 
regulation. However, in terms of virulence its uses are more limited as it survives poorly in 
macrophages (Jordao et al., 2008) with no detectable pathogenecity in mice (Bange et al., 1999). 
However, community acquired diseases such as cellulitis, soft tissue necrosis, localised 
abscesses, and lipid pneumonia as well as healthcare-associated diseases including catheter 
sepsis, infected pacemaker site, and infection following plastic surgery, is making it more 
difficult to strictly define M smegmatis as a non-pathogenic species of mycobacteria (Brown- 
Elliott and Wallace, 2002). Interestingly, one of the new antitubercular drugs currently in clinical 
trial, the diarylquinoline TMC207, from high-throuput screening using M smegmatis, has 
increased its acceptance as a drug-screening model in TB (Barry, 2009). Usually, findings using 
models such as M smegmatis are expected to be validated in M tuberculosis, or other members 
of the M tuberculosis complex (MTBC). Where biosafety level 3 facilities are not available, 
other non-pathogenic alternatives include the TB vaccine strain M bovis BCG, or M 
tuberculosis H37Ra, an avirulent derivative of the strain H37Rv.
2.3.3 Studying persistence in mycobacteria
The underlying factors of M tuberculosis persistence are unclear and the question of how the 
bacteria is able to survive for prolonged periods in immunologically advanced hosts without 
causing disease has puzzled researchers for a century (Stewart et al., 2003). One attractive theory 
that has been the subject of continued debate envisages the formation of a spore-like inert form
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that is capable of surviving harsh conditions. Ovoid and spherical non-acid fast forms have been 
described by several researchers, famously by Albert Calmette (Calmette and Valtis, 1926, 
Khomenko, 1987) and recently by Ghosh et al., (Ghosh et al., 2009). However, this has not been 
supported by molecular genetic analysis (Cole et al., 1998, Traag et al., 2010), and according to 
other researchers in the field a less distinctive mechanism of adaptation is a more plausible 
option (Stewart et al., 2003). Because of the potential high significance of the recent findings by 
Ghosh et ah, Traag and co-workers set to investigate sporulation in mycobacteria by repeating 
the experiments and by carrying out genome sequence analysis (Traag et al., 2010). Whereas, 
Ghosh et al. observed phase bright particles in microscope images of aged cultures as well as 
heat resistant colony forming units of M marinum, these findings could not be repeated by Traag 
et al. and genome sequence analysis revealed no orthologs of any signature genes for endospore 
formation. Indeed, the heat sensitivity of M bovis has been known for some time; the invention 
of pasteurisation of milk represents one of the important milestones in preventing transmission of 
bovine TB to humans (Hardie and Watson, 1992).
Rees and D’Arcy Hart, made important observations on the replication status of persistent 
bacteria by investigating the total microscopic counts of bacteria in infected lungs, and observed 
that the total count was similar to the viable count, indicating that the bacteria were either non­
replicating or replicating very slowly (Rees and Hart, 1961). Similarly, Wallace (1961) reported 
bacteria in lung homogenates from the latent phase of infection were more heat tolerant than 
those at acute phase of infection, analogous to heat-tolerant phenotype of bacteria at stationary 
phase of growth in vitro (Wallace, 1961). Furthermore, slow-growing bacteria display decreased 
drug susceptibility as drugs that target processes involved with cell replication and cell wall 
synthesis have a reduced effect on non-replicating cultures, and initiation of stress-response 
mechanisms and decrease in metabolic rate tends to increase drug tolerance (Stewart et al.,
2003). The genetic requirements of fast and slow growth in M tuberculosis has been investigated 
by Beste et al., who used a chemostat to control the growth rate of the bacteria, and identified 
genes which are exclusively required for fast and slow growth respectively. They demonstrated 
that control of growth rate is a highly coordinated process and requires a distinct set of genes 
which encode several virulence determinant, gene regulators, and metabolic enzymes (Beste et 
al., 2009).
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In the last decade, important research has been conducted to investigate persistent mutants of M 
tuberculosis. During bacterial pathogenesis, transcriptional regulation occurs in response to 
environmental changes experienced during infection. An important incentive in this area, is the 
hypoxia model of persistence, introduced by Larry Wayne, (Wayne and Sohaskey, 2001), and 
since often referred to as “the Wayne model”, which reasoned that survival in poorly oxygenated 
lesions was likely to be an important element in persistence. Wayne and Lin (1982) had earlier 
made an important observation that the metabolic adaptation to hypoxic survival involved a 
switch to metabolising lipid substrates using the enzymes isocitrate lyase and malate 
dehydrogenase, to bypass the complete tricarboxylic-acid cycle (TCA cycle or Kreb’s cycle) 
through combining acetyl CoA with oxaloacetate by the glyoxylate shunt (Wayne and Lin, 
1982). A similar mechanism is observed in active macrophages, and McKinney et al. (2000) 
established that a mutant strain of M tuberculosis lacking isocitrate lyase was characterised by a 
defect in the persistent phase of infection (McKinney et al., 2000). This led to the general 
assumption that persistent bacteria use the abundant fatty acids of the host a carbon source.
Whole-genome-profiling investigating the response of M tuberculosis to hypoxia identified an 
important response regulon, which include the two-component regulator (DosR/DosS). This is in 
charge of a set of genes known as the DosR regulon, and is believed to be important for 
adaptation to hypoxia, nitric oxide and carbon monoxide exposure, as well as long term survival 
in the host. This includes the a-crystalline chaperone, increased expression of which has been 
observed in poorly oxygenated conditions as well as stationary phase cultures (Sherman et al., 
2001, Park et al., 2003a, Voskuil et al., 2003, Kumar et al., 2008). Detailed studies of the DosR 
regulon and its relation to latency and drug tolerance have recently been conducted (Bartek et al., 
2009, Leistikow et al., 2010, Kim et al., 2010, Hingley-Wilson et al., 2010). Mutation of the gene 
encoding the response regulator DosR, leads to a hypoxic survival defect in M tuberculosis. This 
has also been observed for mutations of dosR genes in M bovis BCG and M smegmatis 
(O'Toole et al., 2003, Boon and Dick, 2002). This finding partly validates M smegmatis as a 
suitable non-pathogenic model organism for studying persistence in M. tuberculosis.
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The stringent response is a broad transcriptional program in bacteria that is activated under stress 
in order to ensure the survival of a fraction of the bacterial population. It is mediated by 
intracellular concentrations of hyperphosphorylated guanosine, (p)ppGpp, which modulates the 
expression and transcription of a variety of genes with the ultimate goal in downshifting growth 
and metabolism. In M tuberculosis, the synthesis and hydrolysis of cellular (p)ppGpp are 
catalysed by the dual-function enzyme RelMtb- This gene is induced during nutrient limitation and 
is essential for the long term survival of M tuberculosis during nutrient starvation and extended 
hypoxia, and it has been demonstrated that relMtb deletion strains of M tuberculosis are 
attenuated for in vitro growth (Primm et al., 2000) and for persistence in mice (Dahl et al., 2003). 
Key elements of the stringent response as well as the ability of surviving under stress over 
prolonged time periods are shared between M tuberculosis and M. smegmatis (Ojha et al., 2000), 
which further reinforces the rationale of using M smegmatis as a model for investigating triggers 
of antibiotic persistence.
The adaptation of nutrient-depleted stationary phase is believed to simulate conditions 
encountered by mycobacteria within the granuloma (Nyka, 1974). M tuberculosis isolated from 
lung tissues was found to display altered morphology and staining properties compared to those 
cultured in vitro. The cells were small and spherical in shape rather than rod-shaped and did not 
stain with acid-fast staining. Similar morphology and staining behaviour was observed with 
bacilli that were starved in distilled water, but regained acid fastness and started growing when 
added to nutrient-rich medium. Betts and co-workers investigated the role of nutrient starvation 
in persistence of M tuberculosis (Betts et al., 2002). They found that nutrient starved log-phase 
cultures of M tuberculosis were resistant to the drugs rifampicin and isoniazid at 10 times the 
minimum inhibitory concentration, whereas growing log-phase cultures were expectedly 
sensitive to the drugs. The drug metrodinazole, which requires reduction under anaerobic 
conditions for activity, had no effect on the viability of the starved cultures which indicated that 
the starved bacteria were not in anaerobic state.
A previous study conducted by Smeulders et al. (1999) demonstrated that stationary phase M. 
smegmatis developed a stress-resistant state in which cells were more resistant to acid, osmotic, 
and oxidative stresses compared to mid-logarithmic phase cultures (Smeulders et al., 1999). The
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authors discovered that maximum resistance to oxidative stress (through the addition of 
hydrogen peroxide to the culture medium) occurred right before the culture entered stationary 
phase, which indicated that resistance was not a stationary phase-mediated response. By varying 
the glycerol concentration in the culture media, the authors found that hydrogen peroxide 
resistance was cell density dependent, as cultures which did not reach the same optical density 
did not induce comparable levels of hydrogen peroxide resistance.
Other mechanisms which could contribute to coordinated response of M tuberculosis to 
environmental changes include the secretion of resuscitation-promoting factors, or Rpf protein, 
to synchronise the re-growth of bacteria after nutrient limitation (Mukamolova et al., 1998, 
Biketov et al., 2000), and recent findings have revealed that these proteins have relevance to 
human infection (Mukamolova et al., 2010). Other persistence mutants include additional 
transcription regulators, mprA and whiBS, which are involved in adaptations required for 
persistence; the mechanism of which remains undefined (Zahrt and Deretic, 2001, Steyn et al., 
2002). One of the mutants that have been demonstrated to affect persistence by inducing an 
altered host response includes the regulatory hspR gene, which is involved in the control of 
expression of heat shock proteins. Deletion of the gene resulted in persistence defects, which is 
believed to be mediated by an enhanced immune response (Stewart et al., 2001). In fact, recent 
research has investigated utilising heat shock proteins for the development of efficient novel 
vaccines against TB (Stewart and Young, 2004, Shi et al., 2009a).
It has recently been proposed that intraphagosomal M tuberculosis may encounter inorganic 
phosphate (Pi) depletion (Rengarajan et al., 2005). Rengarajan and co-workers found phosphate 
transport to be essential for M tuberculosis growth in macrophages and important for 
establishing persistent infection in lungs. A recent article by Rifat et al (2009) investigated the 
effects of Pf-limitation on M tuberculosis, and found that Pi-limitation restricts M tuberculosis 
growth in a dose-dependent manner, and Pi-starved bacilli became phenotypically tolerant to the 
antibiotic isoniazid (Rifat et al., 2009).
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2.3.4 Current techniques and their limitations
Data extracted from a population of cells represents the average response of all cells within a 
population. Even in a genetically identical population of cells, cell-to-cell variations and genetic 
noise can contribute to significant phenotypic heterogeneity. Therefore, to better understand the 
behaviour of a population, the cells must additionally be analysed on an individual basis. The 
implementation of single cell techniques such as fluorescence microscopy and microfluidics, 
make it possible to achieve a deeper understanding of complex phenomena observed in cell 
populations, such as persistence, thus facilitating research in drug discovery, treatment and 
prevention of disease (Sott et al., 2008). Traditional biological experiments, such as Southern 
and Northern blotting, microarrays and gel electrophoresis to determine gene expression and 
protein levels, are performed on large populations of cells. These techniques are simple and well 
established, however they are only able of providing partial information which represents a 
snapshot of a population average. Averaged measurements can be misleading, such as in a bi- 
modal distribution where both the kinetics of the response and the average value could be 
misinterpreted (Figure 2.1). In addition, the cell response may vary, during the cell cycle, age 
and phenotypic state. To distinguish between these different conditions, complementary 
experiments at the single cell experiments should be conducted.
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Figure 2.1. Data extracted from a population of cells measures the average response of all cells within the 
population. (A) Quantification of a cellular parameter in a batch culture yields a mean value (a), and this value 
could represent diverse underlying population structures, such as: (B) narrow Gaussian distribution around the 
mean, (C) multimodal distribution consisting of equal sized subpopulations, or (D) broad Gaussian distribution 
around the mean. The mean value for all three very different scenarios is the same in these population studies and 
therefore it is necessary to analyse the cell on an individual basis.
2.3.5 Stochastic gene expression
Bacterial populations are rarely composed of homogenous cell types, even within a clonal 
population. Differences in cell size and shape, and growth rate can contribute to the overall 
heterogeneity of a population. Even where population measurements involving single cells are 
regular and reproducible, significant heterogeneity is observed suggesting that molecular 
processes underlying cellular physiology are subject to random or stochastic fluctuations (Raj 
and van Oudenaarden, 2008, Rao et al., 2002). Cell-to-cell variability occurs naturally through 
noisy processes such as transcription and translation. Furthermore, this variability in single cells
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of a population could result from heterogenous responses to intrinsic and extrinsic pertubation. 
These fluctuations or noise play an important role in determining the phenotype of cells that 
exhibit epigenetic multistability, where the same set of genes can lead to substantially different 
phenotypic expression depending on the current state of the genes (Ko, 1992, Barkai and Leibler, 
2000). This has led to the proposal of stochastic models for gene expression; from the pioneering 
work by Ko and co-workers (Ko, 1991, Ko et al., 1990), which was one of the first studies to use 
a reporter in single cells to examine the stochasticity of expression variability, to a rich field 
where researchers from a variety of backgrounds work on a wide range of problems.
One of the first experiments to explore the causes of stochastic gene expression was a study by 
Elowitz et ah, (Elowitz et al., 2002). This landmark study introduced the concept of intrinsic and 
extrinsic noise in gene expression in single cells. The authors quantified the variability of the 
expression from a promoter in E. coli by putting two copies of the same promoter into the 
bacterial genome, one encoding the expression of cyan fluorescent protein (CFP), and one 
driving the expression of yellow fluorescent protein (YFP). They found that the extrinsic 
fluctuations were those which affect both copies of the gene equally within the cell, such as 
fluctuations in the number of RNA polymerases or ribosomes. The intrinsic fluctuations are 
those which are inherent in the biochemical process of gene expression; randomness inherent to 
transcription and translation, and should affect each copy of the gene independently, resulting in 
uncorrelated values of cyan fluorescent protein (CFP) and YFP. It was found that the noise 
resulting froni both sources can be significant depending on the promoter (Figure 2.2).
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Figure 2.2. Intrinsic and extrinsic contributions to noise in gene networks. This can be measured when both 
genes (efjp, displayed in green; yfp, displayed in red) are eontrolled by identical regulatory sequences. Cells with the 
same amount of each fluorescent protein appear yellow, whereas overexpression o f either protein appear red or 
green. In the absence of intrinsic noise (A) both fluorescent proteins fluctuate in a correlated manner over time in a 
single eell. Intrinsic noise will eause the expression o f the two genes to beeome uncorrelated (B), and results in a 
population where a cell expresses more or less of one fluoreseent protein than the other. (Elowitz et al., 2002).
As mentioned in the previous seetions, the existence of persistent subpopulations of M 
tuberculosis is believed to be an important obstacle in effective treatment against tuberculosis 
(Stewart et al, 2003), and stochastic gene expression could play a significant role in establishing 
nongenetic heterogeneity in these populations (Kussell et al., 2005, Levin and Rozen, 2006, Raj 
and van Oudenaarden, 2008). The stochastic switching between phenotypic states has also been 
called bet hedging (Beaumont et al., 2009), as an example of evolutionary adaptation in 
fluctuation environments to facilitate persistence.
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2.4 Single cell analysis
Studies on the single cell level have been enabled through a combination of technical advances, 
such as those in micro and nanotechnology (Weibel et ah, 2007, El-Ali et ah, 2006, Craighead, 
2006), automated fluorescence microscopy including the use of highly sensitive cameras and 
high precision microscope stages, improved computer speed and data storage capacities and 
better image processing softwares (Shav-Tal et ah, 2004), as well as single cell manipulation 
techniques (Di Carlo and Lee, 2006). Moreover, advances in reporter gene technology has made 
it possible to follow intracellular processes using the green fluorescent protein (GFP), and other 
fluorescent probes (Shaner et ah, 2005). The complete sequencing of genomes is another 
essential technical development which provides important knowledge. However, the genes and 
proteins of a biological system, although important, is not on its own enough to provide 
information about how the whole system, such as a cell, responds to certain stimuli. Systems 
biology is an emerging field which uses mathematical models to explain and predict cell 
behaviour, with the aim of understanding complex biological systems. To improve and validate 
these models, population studies need to be complemented with experimental data on a single 
cell level (Bennett and Hasty, 2009).
2.4.1 Flow cytometry
Although important information can be obtained on a single cell level, which can lead to answers 
in hitherto unanswered questions in biology, it is important to be able to perform experiments on 
a statistically relevant number of cells, as studying too few cells may lead to false conclusions 
and subjective analysis by interpreting the behaviour of a few cells as the general behaviour of 
the entire population (Svahn and van den Berg, 2007, Le Gac and van den Berg, 2010). 
Furthermore, lack of control of extracellular environments may also lead to broadening of 
population distributions and ideal single eell analysis techniques must therefore incorporate 
precise environmental control.
The most widely used method for measuring the activities fluorescent proteins in living cells and 
performing what is often considered to be single cell research is flow cytometry. It is an easy to
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use high-throughput quantitative method which allows researchers to quickly analyse hundreds 
of thousands of cells and generate a snapshot of the population at certain points in time (Shapiro,
2002). Being a high-throughput method, it is advantageous to many other new single cell 
techniques which have yet to achieve this on the same scale, although promising studies have 
been made (Di Carlo et al., 2006, Wang et al., 2010). The major drawback of this technique is 
that once the cells are measured, they are discarded and there is no possibility of following the 
same cell over a period of time. At best, time-lapse flow cytometry can be used to study the 
fluorescent distribution of a population over time. Recent studies where flow cytometry has been 
utilised for investigating bacterial persistence will be discussed in more detail in section 2.8.
2.4.2 Fluorescence microscopy and time-lapse movies
Fluorescence microscopy is a widely used technique for measuring gene activity, and the 
fluorescence of individual cells can be quantified with high accuracy and resolution. The major 
drawback is that unlike flow cytometry, it cannot quantify the fluorescence of thousands of cells 
simultaneously, which limits the accuracy of calculations that describe the fluorescence 
distribution of the population. The major advantage is that, with fluorescence microscopy, the 
same cell or group of cells can be imaged continuously for long periods of time, which allow 
measurements to be made that are not averaged for the whole population (Bennett and Hasty, 
2009). When studying the dynamics of gene expression in single cells, this type of data is 
important. Time-lapse fluorescence microscopy has become a preferred method in synthetic and 
systems biology for the studying single cell behaviour and dynamics of gene networks (Locke 
and Elowitz, 2009).
There are however some major limitations to fluorescence time-lapse microscopy; phototoxicity 
and photobleaching effects (Cubitt et al., 1995) limit the duration of excitation and frequency of 
image capture. Moreover, quantification of fluorescence events needs stable microscopes in 
order to avoid vibrations and axial or focal drift. This can be alleviated using an incubation 
chamber with precise environmental control, however, a motorised stage with automated focus is 
required when imaging a specific cell over long periods of time. Another issue is that time-lapse 
microscopy generates enormous amounts of data, and if high-quality multiple-colour data sets 
are taken, puts large demands on the analysis software. Although powerftil software could solve
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the issue, the interpretation of data needs models that must be formed from close collaborations 
between experimental and theoretical systems biologists (Sott et ah, 2008). For the purposes of 
single cell studies to investigate for example bacterial growth rates, time-lapse fluorescence 
microscopy requires cells to stay motionless over long time periods. While this can be achieved 
on basic agar pads, the use of flow chambers such as microfluidics provides added versatility 
(Bennett and Hasty, 2009, Locke and Elowitz, 2009).
Microfluidic devices make it possible to trap single cells fluorescence time-lapse microscopy and 
study the response of the cells to environmental perturbations. One of the first studies to use 
microfluidics to constrain cells for long periods of time was a study by Balaban et al. (2004), 
who designed a flow chamber device to study bacterial persistence. The importance of 
microfluidics technology and time-lapse microscopy for study of bacterial cells will be discussed 
in the following sections.
2.5 Microtechnology meets microbiology
The field of microtechnology provides means of constructing systems and tools at the micron 
and sub-micron scale that have applications in microbiology. Its scale of size is well suited to the 
physical dimensions of the majority of microorganisms, and it provides the possibility of 
manipulating cells and their immediate extracellular environment in order to fiirther our 
understanding of cell and metabolic processes at the single cell level.
Microtechnology encompasses a range of technologies that are generally used for the processing 
and fabrication of microelectromechanical systems (MEMS), which comprises small mechanical 
devices built onto semiconductor chips such as sensors, micro-aetuators, and process control 
systems (Beeby et al., 2004). This review will place particular emphasis on soft-lithography, a 
technology which is well adapted to creating microscale and even nanoscale structures in soft 
elastomeric materials. One such important material is PDMS, an optically transparent and soft 
polymer whose properties are well suited for the growth and study of cells. PDMS has become a 
key material in the early stages research and development due to the ease with which new
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concepts can be tested in the material. As a result, the application of soft lithography in PDMS 
has become prevalent for the fabrication of prototype devices (Xia and Whitesides, 1998, 
Whitesides et al., 2001, Duffy et al., 1998, Weibel et al., 2007).
In the field of microbiology, microtechnology and soft-lithography provide physical techniques 
that can be used to develop tools which are complementary to genetics and genomics, such as 
methods to isolate, grow and study single cells or multicellular organisms. The opportunities are 
vast and range from studying the structure and intracellular organisation of bacteria, to studying 
phenotypic expression of cells and the biology of single cells, to performing cell cultures in 
controlled environments, to developing techniques that facilitate the collection of statistically 
significant data and transform qualitative observations into quantitative biology. One such 
important area, where soft-lithography has impacted microbiology, is known as microfluidics; a 
distinct new technology. In a microfluidic system, hundreds or thousands of experiments can be 
done in parallel with single or groups of cells under identical conditions (Weibel et al., 2007, 
Whitesides, 2006).
2.5.1 Microfluidics Technology
Microfluidics is a distinct new field that seeks to influence scientific areas from chemical and 
biological synthesis to optics and information technology (Whitesides, 2006). George 
Whitesides, gave a simple definition as ‘the science and technology of systems that process or 
manipulate small (10'^ to 10'^  ^ litres) amounts of fluids, using channels with dimensions of tens 
to hundreds of micrometers’ (Whitesides, 2006). In essence it can be defined as a technology that 
controls the minute amount flow of liquids and gases, in a miniaturised system (Beeby et al.,
2004).
The benefits of using microfluidics are broad and include decreased cost associated with 
manufacture, use and disposal, reduced consumption of reagents and analytes as well as reduced 
production of by-products, decreased time of analysis, increased separation efficiency, and 
increased portability. For example, microfluidic channels can approximate the size (-10 pm) and 
flow conditions (0.1 em/s) found in vivo in capillaries and could lead to a greater understanding 
and more accurate information of physiology. Smaller channels increase the resolution while
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decreasing the overall size of the device. Disadvantages include more difficult detection as the 
size of the device decreases. Furthermore, smaller channels are more susceptible to blockages 
from particles, as well as being more sensitive to adsorption of species on the surface (Xia and 
Whitesides, 1998).
A simple method to construct microfluidic devices is by bringing into contact a PDMS layer 
embossed with channels on the surface with a glass or polymer, which forms the ceiling or the 
floor of the microchannel. However, a channel formed through this method has a weak physical 
and reversible seal between the materials and liquid can escape from the channels if put under 
pressure. PDMS is intrinsically very hydrophobic, although its surface can be converted to a 
hydrophilic form, with a brief plasma treatment of air or oxygen (Chaudhury and Whitesides, 
1991). Irreversible adhesion can be achieved through the contact of two freshly oxidized PDMS 
surfaces or oxidized PDMS and a clean oxidized glass slide. This is presumably achieved by a 
spontaneous dehydration of SiOH groups to create silanol groups (SiOSi) (Duffy et al., 1998). 
The bonding of PDMS to glass (or to PDMS) makes it possible to create sealed microfluidic 
devices that can withstand pressures of up to 50 psi (~ 350 kPa) (Weibel et al., 2007). 
Furthermore, the conversion of PDMS to a form with high surface energy by plasma oxidation 
(Chaudhury and Whitesides, 1991), generates a negatively charged surface that can support 
electro-osmotic flow (Duffy et al., 1998). This is vital in applications in biochemical separations 
based on capillary electrophoresis.
2.5.2 Fluid flow in microfluidics
An important aspect regarding fluids in microfluidic system is that the flow is laminar. The 
Reynolds number (Re), which is a dimensionless parameter that describes a fluids tendency to 
become turbulent, describes the behaviour of the fluid. It can be defined by the following relation
Re = i ^  = ^
/ /  V
Equation 1.
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where, v is the kinematic fluid viscosity (v = |x/p). Laminar conditions are achieved at low values 
of the velocity [n (cm s'^)], the diameter of the capillary [/, (cm)], and the density of the liquid [p 
(g cm’^ )], and high values of the viscosity [p, (g cm'^s'^)]. Fluids with Re of less than 2000, flow 
laminarly. In microfluidic systems, typical fluid velocities do not exceed a centimetre per second, 
and widths of canals are on the order of tens of micrometers. As a result. Re in microfluidic 
systems typically do not exceed 10'^  and flows are laminar, and adjacent streams of miscible 
liquids flowing side by side in the microchannel will only mix through diffusion at the interface 
between the two streams (Weibel et al., 2007, Tabeling, 2006).
The physical aspects of microfluidics involves several different features. A major set of issues 
concern microplumbing and include but are not limited to fluidic interconnects, pumps and 
valves, and fluid injection (Tabeling, 2006). The following section gives short introductions of 
the various fabrication techniques of microfluidics.
2.6 Fabrication of microfluidic devices
2.6.1 Lithography
Lithography is the most important technique for the fabrication of microstructures such as 
microfluidics. Lithographic techniques can be subdivided into photolithography, electron beam 
lithography. X-ray lithography and ion beam lithography, as well as soft lithography techniques 
and nanoimprint lithography. (Ngyen and Werely, 2002).
2.6.2 Photolithography
In photolithography, patterning is restricted to two-dimensional, lateral structures. A 
photosensitive emulsion layer known as resist layer, transfers a desired pattern from a 
transparent mask to the substrate. The mask is traditionally made of a transparent glass plate 
(quartz) with metal (chromium) patterns. Masks are often made using electron beams with a 
precision on the order of a fraction of a micrometer. If great precision is not required, other 
methods are used such as a high-quality printout on a plastic transparency film for low cost and
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fast prototyping (Tabeling, 2006). Photolithography involves several key stages. The initial stage 
is fabricating a film of photosensitive material (photoresist) on top of a substrate, usually a 
silicon (Si) wafer, through a spin coating process. The substrate is then positioned and aligned 
with the mask and optical exposure with ultraviolet (UV) light of the resist layer will transfer the 
pattern from the mask to the photoresist layer by changing the properties of the exposed area. 
This patterning of resists is of large importance in the fabrication of microfluidics. Microfluidic 
devices commonly use thick resists such as SU-8, a viscous photoresist, directly as functional 
materials or as templates for polymer moulding and electroplating processes of metals (as shown 
in Figure 2.3). Fabrication with SU-8 photoresist usually yields a high aspect ratio, known as the 
ratio of the resist thickness and the smallest structure dimension. The substrate is subsequently 
baked at elevated temperatures (65-95°C) and developed in a developer solution. Developing the 
resist, the last stage in the photolithography process, is also known as dissolution or etching 
(Ngyen and Werely, 2002).
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Figure 2.3. Subtractive pattern transfer in conventional photolithography. A substrate coated with photoresist 
is exposed though a mask in order to generate the image of the pattern. For positive resists, the UV light changes the 
chemical structure o f the resist so that it becomes more soluble in the developer. The exposed resist is dissolved by 
the developer solution and the mask, therefore, contains an exact copy of the pattern which is to remain on the 
wafer. For negative resists, exposure to the UV light causes the resist to become polymerised or eross-linked, and as 
a result more difficult to dissolve. Therefore, the negative resist remains on the surface wherever it is exposed, and 
the developer solution removes only the unexposed portions. Masks used for negative photoresists, therefore, 
contain the inverse o f the pattern to be transferred (Truskett and Watts, 2006).
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2.6.3 Soft lithography
In order to make replicas in PDMS, the surface of the master which was fabricated in the 
photolithography process is usually chemically treated with a perfluoralkyl trichlorosilane, to 
prevent PDMS from adhering to the polymer patterns of the master. The liquid pre-polymer of 
PDMS, composed of a base part and curing agent, is mixed, degassed, and subsequently poured 
over the patterned surface of the master. It is then cured thermally at elevated temperatures 
(>65°C), and subsequently peeled from the master. This embossed PDMS layer now contains the 
inverse or the negative of the pattern embossed on the surface of the master (Figure 2.4). A 
useful characteristic of soft lithography is that one master can be used to create numerous copies 
of embossed PDMS substrates, and in many cases the entire process, from CAD design to a 
complete microfabricated structure can take between 1-2 days (Whitesides et al., 2001). The 
resultant patterned structure in the PDMS layer can be used as microchambers, or can be sealed 
against flat surfaces to create microfluidic devices (Weibel et al., 2007, Whitesides et al., 2001, 
Xia and Whitesides, 1998).
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Figure 2.4. Schematic illustration of the soft lithography process of fabricating PDMS castings from a master 
with relief structures on its surface. The process begins by exposing a photoresist, such as SU-8 photoresist, on a 
silicon wafer to UV-light through a mask. On dissolving the unexposed photoresist, the cured photoresist remains on 
the silicon wafer in a relief pattern designed by the mask. The master is then exposed to the vapours o f tridecafluoro- 
1,1,2,2-tetrahydrooctyl trichlorosilane (CH3 (CF2 )6 (CH2 )SiCl3 ) overnight in order to reduce its adherence to the 
stamp. An elastomer, typically PDMS, (Sylgard 184), is poured over the master and cured in an oven or a hotplate at 
elevated temperatures (2 h at 60°C or 10 min at 150°C). After curing, the PDMS can be peeled o ff the master 
(Whitesides et al., 2001).
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2.7 Microfluidics systems in biology
Microfluidics technology has many qualities which makes it attractive to molecular and 
microbiology. This includes the use of small volumes of reagents and samples and therefore 
generation of small volumes of waste, low cost per unit, short reaction times, and the ability to 
analyse and sort single cells (Beebe et al., 2002). Cells can be confined in narrow channels and 
their growth and division can be studied in detail. For example, in a research article published in 
Nature, DiLuzio et ah studied multiflagellated swarmer cells of E. coli in microchannels 
composed of PDMS and an agar substrate (DiLuzio et al., 2005). The hydrodynamic interaction 
between the two materials caused the cells to swim along the agar floor, and the rotation of the 
body of the cell made it swim preferentially along the right-hand side of the channel. In a 
different study, bacterial chemotaxis was investigated by Mao et al. using laminar flow to create 
gradients of attractants and repellants in a microfluidic device. Furthermore, it was found that the 
sensitivity of the microfluidics method was three orders of magnitude higher than that of 
traditional capillary-based chemotaxis assays (Mao et al., 2003).
Quorum sensing is a mechanism where bacteria change their phenotype collectively once they 
reach a certain concentration. It can be defined as ‘the ability of bacteria to sense their own cell 
density by detecting the concentration of signalling molecules that have been released in their 
environments’, (Lewis, 2007). It plays an important role in microbial behaviour including 
bioluminescence, pathogenicity and biofilm formation. In quorum sensing, bacteria communicate 
through releasing small soluble molecules into the surrounding medium (Park et al., 2003c, 
Bassler and Losick, 2006, Miller and Bassler, 2001). The mechanism of quorum sensing in 
bacteria was investigated in microfluidic devices composed of PDMS by Park et al. (Park et al., 
2003b). The growth of E. coli and Vibrio hareyi was studied and it was found that E. coli cells 
gathered in enclosed areas of the microfluidic device. The authors explained that bacterial 
chemotaxis was capable of producing the cell densities required for quorum sensing. In another 
study by Takeuchi et al., microfluidic devices were developed to study the growth and shape of 
cells. Motile, filamentous E. coli cells with different shapes were produced by confining and 
growing single cells on micropattemed agarose substrates. It was found that the cells developed
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the shape of the microstmctures in whieh they were grown and became spiral-like, and also 
maintained this shape when released from the chambers (Takeuchi et ah, 2005).
In several studies, microfluidics have been used as microchemostats for growing bacterial and 
yeast cells. In static cell cultures, the final concentration of growth is limited by the depletion of 
nutrients from the media, whereas in chemostatic cell culture a small number of cells are 
constantly removed fi-om the culture and a fi*esh source of nutrients are added continuously. As a 
result, the cells exist at steady-state growth. Balgadde et al. developed a microfluidic chemostat 
with small microchambers that had constant recirculation of fluids, for the long-term culture (200 
h) OÎE. coli cells and permitted simultaneous imaging with microscopy (Balagadde et al., 2005). 
In a subsequent study the authors demonstrated a large number of independently controllable 
chambers on a microscope slide could be used for mammalian cell culture for over a week with 
simultaneous long-term imaging (Gomez-Sjoberg et al., 2007). In another study by Groisman et 
al. a microfluidic chemostat was developed where the bacterial and yeast cells were confined in 
microchambers with chambers connected by smaller channels which allowed the exchange of 
nutrients and waste but were impassable to cells (Groisman et al., 2005).
In addition to physical confinement in microfluidic chambers, cells have also been embedded 
within hydrogel networks and several hydrogel-based microfluidic systems have been described 
for the culture of cells. However the main application of hydrogels in microfluidics has so far 
been to manufacture hydrogel microbeads using microfludics or for patterning of hydrogels (Heo 
et al., 2003, Amici et al., 2008, Capretto et al., 2008, Shi et al., 2009b) rather than entrap cells 
within a hydrogel network inside the microfluidic devices (Braschler et al., 2005). Hydrogels are 
a category of polymers which are of particular importance in microbiology; cells cultured within 
their matrix or on their surface remain hydrated, and nutrients, gas, and waste products can 
diffuse through the polymer network (Weibel et al., 2007). Except for the traditional uses of agar 
and agarose in microbiology, other uses for hydrogels in microbiology continue to develop. For 
example, Heo et al. filled microfluidic PDMS channels with a solution of photoreactive PEG 
solution (pre-polymer) seeded with E. coli cells and exposed channels to UV light to cross-link 
the polymer and thereby encapsulate the cells within the PEG hydrogel network (Heo et al.,
2003). However, photopolymerisation using UV-radiation is harmful to cells, and UV-light is
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often used as a method of sterilization as it has been a known mutagen at the cellular level for 
more than one-hundred years. In fact the 1903 Nobel prize for medicine was awarded to Niels 
Finsen for his use of UV in treatment against lupus vulgaris as well as dermatological TB 
(Mandavilli, 2007). Alginic acid is a naturally occurring linear copolymer (Draget et al., 2002), 
and is a very versatile material that has been used in a variety of technical applications including 
the textile, printing, and food industry (Onsoyen, 1996) as well as for biotechnological and 
biomedical applications (Skjak-Bræk and Espevik, 1996). It forms a hydrogel through ionic 
cross-linking with a divalent solution, such as calcium ions (Ca^^, and have the ability of 
entrapping cells by the addition of non-toxic calcium chloride (CaCl2).
2.7.1 Time-lapse studies with microfluidics
Single cell culture techniques can help decouple and examine the stochastic noise that arises 
from population heterogeneity. Furthermore, microfluidic have the capability of perturbing the 
cell’s surrounding dynamically on a long-term scale ranging several days and potentially weeks, 
and the cellular properties can be measured with microscopy. This technique is known as time- 
lapse microscopy, and can be used to generate movies in which the gene circuit dynamics and 
cell growth and division can be directly observed and measured in single cells (Locke and 
Elowitz, 2009). Time-lapse microscopy can also be performed using simple techniques such as 
agar pads or microwells and until recently, the majority of time-lapse studies for experiments 
involving bacterial processes such as growth, eell cycle and motility has been performed using 
thin agar pads. This method is a simple and very convenient way of providing a substrate that 
supports growth, motility, and is able to simulate starvation (Locke and Elowitz, 2009). 
However, one major drawback is that it is not possible to change the growth conditions by 
switching the media composition, or study the effects and removal of drugs. Furthermore, the 
agar may desiccate or break which would impose stress on the cell culture and hamper the 
studies (Ducret et al., 2009). As such, when we are interested in the behaviour of a particular cell 
or group of cells over a prolonged period of time, and need to perform experiments with 
exchanging media or antibiotics, microfluidics is likely the best option.
Mierofluidic devices are able trap or immobilise cells within microchannels or within a physical 
matrix without altering the properties of the cell, while simultaneously perform media and or
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antibiotic exchange and observe the behaviour of cells in real time. As a result, cell genealogy 
can be determined and data such as growth and death rate can be quantified (Locke and Elowitz, 
2009). In eukaryotic cell biology, flow networks have been developed to investigate cellular 
processes including mammalian cell chemotaxis and human stem cell differentiation (Li et al., 
2002, Lin and Butcher, 2006, Chung et al., 2005).
Examples of time-lapse microscopy for the culture of cells using with and without the use of 
microfludics include the already mentioned study by Balaban et al, where the authors designed 
and fabricated a microfluidic device comprised of PDMS and glass with parallel microchannels 
or grooves (Balaban et al., 2004) (Figure 2.5). These channels were small enough to trap a single 
cell of hipA7 E. coli. Due to the dimensions of these microchannels, the division and growth of 
the cells were forced along the length of the channel in a linear fashion, and the “lines” were 
proportional to the number of bacteria. The authors examined the growth of the cells before, 
during and after antibiotic exposure, and found that the persisters (i.e. the cells which survived 
but did not proliferate during the antibiotic treatment), were either non-growing or slow growing 
compared to non-persisters prior to antibiotic exposure. Furthermore, after the antibiotic solution 
was washed of the microfluidic device, these persister cells switched back to normal growth rate, 
and generated a population that was equally senstitive to the antibiotic. Thus, they concluded that 
persister cells are pre-existing within the population rather than as a result of antibiotic treatment. 
From this data, they were able to construct a simplistic albeit useful model which described 
persistenee as a phenotypic switch, not being affected by the antibiotic, and in which persister 
cells had significantly slower growth rates compared with non-persisters.
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Figure 2.5. A diagram of the microfluidic device used by Balaban et al., 2004. (A) The cross-sectional layout of  
the device. (B) The linear growth o f cells in the mieroehannels. The red arrows point to a persister cell in a 
microchannel, which was non-growing prior to the antibiotic exposure (GMl), non-growing during antibiotic 
exposure (A), and switched back to the normal growing phenotype upon removal of the antibiotic (GM2). (Balaban 
et al., 2004).
Based on this initial observance, the research has since expanded, and in a study published in 
2008, (Gefen et al., 2008), the authors used similar microfluidic devices in order to observe and 
monitor the induction of the fluorescent protein, mCherry, under synthetic promoters to 
characterise the dormant state of single cell persisters of hipA7 E. coli. Using time-lapse 
microscopy they were able to follow the dynamics of the differentiation process in single cells 
and examine whether persister cells are cells which remain at the stationary phase of growth and 
do not respond to external stimuli provided by the transfer of cells to fresh medium. 
Interestingly, they observed that protein production occurs in persister cells over a narrow period 
of time after exit from the stationary phase of growth (upon transfer to fresh medium). During 
this initial period all cells exhibited similar induction dynamics, suggesting that the initial protein 
production rates of both growing and non-growing cells were similar. Only thereafter does the 
protein production stop and remain constant until the removal of the antibiotic, at which point the
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non-growing cells switch back to growing cells and protein production increases. They 
postulated that the bacteria differentiate into the persister phenotype during this time period and 
not during starvation. Upon exposing the bacteria to antibiotics during this time window they 
observed a marked reduction in the number of persisters.
Other studies which have utilised microfluidic and time-lapse techniques for single cell studies 
include a study by Charvin et al. who developed a microfluidic flow cell for the growth of yeast 
cells, Saccharomyces cerevisiae, for over 8 generations starting from single cells (Charvin et al.,
2008). In their set-up, the growth of yeast cells occurred in a planar fashion by tightly confining 
the cells by the application of a semi-permeable membrane (dialysis membrane), which also 
shields them from the fluid flow. This set-up is very similar to the one used by Balaban et a l, in 
the use of large PDMS flow channels and the use of a semi-permeable membrane to separate the 
cells from the flow. Furthermore, they also used a mechanical clamp to assemble the flow cells, 
much like the set up used by Balaban et al., and explained that the advantages for using a 
mechanical clamp to seal the device include that size tolerances are not critical and all parts of 
the device can be reused. The main difference in these two set ups is that that the floor of the 
microfluidic chamber in the study by Charvin et a l, was not composed of parallel lines of 
microchannels embossed in PDMS, but instead a plane PDMS layer. Charvin et al explained 
that this did not make any difference in the ability of cells to grow and divide. The authors were 
able to follow the parentage and cell segmentation using their annotation software. Their set up 
allowed for fast and controlled media switching which allowed the researchers to control gene 
expression with inducible promoters. They found that induction was very synchronous across all 
yeast cells, after an initial lag period. Furthermore, their set up allowed them to control cell cycle 
dynamics in the cells using transient pulses of gene expression; the cell cycle was triggered 
manually by periodically inducing a gene in the strain background where it is required for cell 
cycling. Moreover, their set up was ftilly automated and driven by Matlab software which 
controlled all processes: image acquisition and analysis, temperature control, pump, valves, 
microscope and stage control.
A similar experiment, was performed by Ducret et al, (Ducret et al., 2009) using a flow 
chamber device for the growth of bacterial cells. Their device comprised a microscope coverslip
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and an agar pad, sealed with transparent lid containing entries for fluid exchange, and finally 
clamped with a stainless steel device. A drop of cell culture was placed between a microscope 
coverslip, and a thin layer of agar to insulate the cells from the flow and provide nutrients 
through the diffusion of molecules through the agar. Using this simplistic yet effective flow cell, 
the authors investigated whether E. coli cells containing aggregates displayed altered response to 
oxidative stresses using fluorescence time-lapse microscopy. Using this device they investigated 
the bacterial motility of Myxococcus at the single cell level. As already mentioned, one of the 
drawbacks of using agar pads for time-lapse studies is the risk of desiccation and breakage, as 
well as limitations of varying the switching medium composition and adding and removal of 
antibiotics. The authors argue that in their system eliminates the use of complex lithographic 
techniques to manufacture the flow cell, and the incorporation of agar makes it a versatile system 
for the growth of variety of bacterial cells. However, it is important to note that the time scales 
Ducret et ah have used in their report are very short, and the overall duration of a single 
experiment did not exceed 140 minutes. In other applications, such as testing of antibiotics on a 
persister subpopulation, these timescales are too short, even for a fast growing bacterial strain 
such as E. coli, and when considering growth of M smegmatis, such a time-scale would only 
allow for a single cell division.
Examples of other microfluidics devices for the study of single cells, include a recent study by 
Rowat et al. who designed a system for the linear growth of single yeast cells (Rowat et al., 
2009). The microfluidic device was fabricated from a single PDMS casting and was designed 
such that lineages deriving from single cells were spatially organised in lines and connected to 
one other via bypass channels for the exchange of nutrients and waste products. The authors 
investigated the lineages of cells expressing one of three naturally regulated proteins, and found 
that genealogically related clusters of cells displayed similar phenotype, and cell cluster sizes 
varied among the three different proteins. The authors suggested that the time scale of 
phenotypic resistance is protein specific.
This simple yet elegant design can provide valuable information of cell lineages and geneology 
of cells such as S. cerevisiae as well as culture of mammalian cells. However, the device design 
is arguably not applicable to experiments involving bacterial culture. The chambers are designed
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to trap cells with similar width and length and height (5 pm), and as such are unsuitable for the 
growth of a species such as E. coli or mycobacteria. Mycobacteria are rod-shaped bacteria and 
the typical dimensions of a single cell of M smegmatis is a width of 0.5-1 pm with a length 
ranging from 3-8 pm (Smeulders et al., 1999), meaning several cells could fit along the width of 
one chamber as they enter or divide inside the chamber. Furthermore, mycobacteria tend to grow 
in clumps (Smeulders et al., 1999), and therefore it is inconceivable that these cells would grow 
in a linear fashion through the chambers. Fabricating a similar device but at smaller scale in 
order to compensate for the width of the bacteria would be complicated as it would near the 
optical limit of photolithography (~1 pm), and the device would have to be manufactured using a 
variety of lithographic techniques, leading to issues with size tolerances and device assembly.
Other mechanisms that are believed to have implications on bacterial persistence are toxin- 
antitoxin (TA) modules; which have also been studied using time-lapse microscopy. TA modules 
contain pairs of genes, usually located on the same operon, where one gene acts as a toxin, and 
the other cancels out this effect. These modules were first observed on plasmids and believed to 
be involved with plasmid maintenance (Ogura and Hiraga, 1983). It was later found that many 
homolouges, as well as new TA modules, were found in the chromosome of diverse bacteria, 
with more than 50 modules on the chromosome of Mycobacterium tuberculosis (Makarova et al.,
2009). The discovery that TA modules are chromosomal triggered research on their other 
possible fimctions and has prompted debate and research (Gerdes et al., 2005, Van Melderen and 
Saavedra De Bast, 2009). The two gene products, HipA toxin and HipB antitoxin, which are 
expressed form the hipBA module, form a tight complex and repress their own expression. Over­
expression of the toxin has been demonstrated to arrest growth that is reversible upon expression 
of the antitoxin (Korch and Hill, 2006, Falla and Chopra, 1998, Vazquez-Laslop et al., 2006).
A recent study by Rotem et al., (2010), used time-lapse microscopy for the single-cell study of 
the hipBA toxin-antitoxin module in E. coli. They observed that bacterial cells became dormant if 
the toxin level became higher than a threshold, and the amoimt with which the threshold was 
exceeded determined the duration of the dormancy. They performed quantitative measurements 
in single cells with fluorescence time-lapse microscopy and automated scanners to investigate 
the appearance of colonies on agar plates. The duration of the dormancy was found to be
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dependent on fluctuations in levels of toxin and antitoxin, and dormancy only took place above a 
certain threshold of expression. Furthermore, the dormant cells had the ability of surviving 
antibiotic exposure, as long as the duration of exposure was shorter than the duration of 
dormancy. Using stochastic modelling and colocalisation measurements, they attributed the 
heightened frequency of persisters in the hipA7 mutants to a decrease in binding affinity. 
However, the method in which HipA arrests growth is still unknown and further studies 
investigating phenotypic variability will undoubtedly shed light on this phenomenon. The above 
study is an example of a time-lapse experiment without the use of microfluidics. In this case, the 
authors used an automated scanning software and microscopy to investigate the appearance of 
colonies on agar plates, and as the exchange of media or antibiotics was not necessary and cell 
geneology was not in question in these experiments, the use of microfluidics was not necessary 
(Rotem et al., 2010).
A recent paper by Wang et al., (2010), investigated the long term growth and division patterns of 
E. coli by employing a device they called a “mother machine” (Wang et al., 2010). The device 
was designed to follow the steady-state growth and division of a large number of cells at a 
defined reproductive age. The microfluidic device comprised a series of small growth channels, 
situated at right angles to larger chamber in which growth medium was added at a constant rate, 
resulting in diffusion of fresh nutrients and removal of waste products in the growth channels. 
The diffusion of nutrients into the channels was faster than the uptake of nutrients, ensuring 
steady-state conditions for all cells. These growth channels trapped a single “mother” cell at the 
end of the channel, where it was immobilised for study. As the mother cell divided, a chain of 
daughter cells were pushed to the top of the growth channel and carried away by the flow of 
medium. Because the mother cell was completely immobilised at the distal end of the growth 
channel, it was able to be followed for hundreds of cell divisions, and the growth rate of the cell 
could be measured over time. Their analysis of thousands of individual E. coli “mother cells” 
showed stability of growth over prolonged periods of time, whereby the mother cell inherits the 
same pole for hundreds of generations. Furthermore, they demonstrated that the death of E. coli 
cells was not purely stochastic, but as a result of accumulating damages. The are several key 
findings in this study: The rate of growth for old “mother cells” displayed fast fluctuations on a 
time-scale of less than one generation (i.e. the factors that determine the growth rate seem to be
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randomized at approximately the same rate as the cell divides at). However, over long time 
scales, these fluctuations are averaged out and the growth stays remarkably stable, even after 200 
generations. Furthermore, the daughter cells displayed the same growth statistics as their 
mothers, and in cells immediately “forgot”, upon division, how fast or how slow it was growing 
in the previous cell cycle. Another interesting finding was that approximately 50 generations, 
cells started filamenting at high fi*equency, but only started to die some time later at 
approximately 100 generations. Filamentation is known stress response in E. coli called SOS 
response and the authors observed that upon knocking out of the SOS pathway, the cells reduced 
filamentation and displayed a constant death rate of 2.7 % per generation. As a result it was 
concluded that death without SOS is random, whereas death with SOS is significantly delayed 
and displays a threshold-type effect.
This model represents an unparallel observation in the field of bacterial growth. It strongly 
argues against models of built-in growth-based ageing mechanisims in E. coli, as was 
investigated for symmetrically (Stewart et al., 2005) and asymmetrically (Ackermann et al., 
2003) dividing organisms, that suggested that the rate of elongation during logarithmic phase of 
growth in bacterial cells decreases cumulatively with replicative age.
2.8 Flow cytometry for single cell studies
Flow cytometry is routinely used for measurements at single cell resolution and it has the 
capability of providing knowledge of the metabolic functions of cells at the single cell level 
without cumbersome cultivation techniques and facilitates the understanding of physiological 
diversities in otherwise seemingly homogenous populations (Müller and Nebe-von-Caron, 2010). 
Subpopulations of interest can be isolated via a process called, fluorescence activated cell sorting 
(FACS^^), a tradename used by Becton Dickinson, which sorts cells based on the fluorescent 
signals. Flow cytometry is increasingly being used as a mediator technology for gaining insight 
into the heterogeneity of populations as well as the functioning of bacterial populations, and 
when used with viability staining it can provide information of the viability states of bacteria 
(Müller and Nebe-von-Caron, 2010).
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Roostalu et al. used flow cytometry to monitor the division of individual wild-type E. coli cells 
during different growth phases, based on dilution of GFP upon cell division, to distinguish 
between growing and dormant populations (Roostalu et ah, 2008). They demonstrated that 
logarithmic phase cultures divided at a uniform rate, whereas stationary phase culture comprised 
two subpopulations; one which started division immediately upon dilution into fresh medium, 
and one which did not. The culture was stained with propidium iodide (PI), a membrane 
impermeable nucleic acid stain that does not enter living cells (intact membranes) but stains 
bacteria which have lost their membrane integrity (Nebe-von-Caron et al., 1998). They 
demonstrated that the non-growing population was not dead, and the differentiation into dividing 
and non-dividing subpopulations upon recovery of stationary phase was not the result from cell 
death. Using their GFP dilution method with flow sorting the authors were able to observe 
persisters in a culture of E. coli and suggested this method could be used to analyse and isolate 
bacterial cells with phenotypic recalcitrance to antibiotics. Furthermore, they noticed that a 
fraction (~1%) of the initial population at stationary phase showed a gradual reduction in GFP 
intensity, suggesting that majority of population at stationary phase consist of non-dividing cells 
with a fraction of “active” and dividing cells (Roostalu et al., 2008). A similar observation has 
been made Blokpoel and co-workers (Blokpoel et al., 2005), who investigated changes in protein 
synthesis which occurs in M smegmatis as it enters carbon-starved stationary phase using GFP 
constructs. They discovered that while the majority of cells in the stationary phase exhibited low 
levels of protein expression (low fluorescence), a highly fluorescent subpopulation (-0.01%) of 
cells could be analogous to a growing and dividing fraction of cells in the stationary phase 
population.
Joers et al. (2010) used a flow cytometry method based on GFP dilution to investigate the 
kinetics of awakening of E. coli cells from the persister state (Joers et al., 2010). They followed 
the development of sensitivity to antibiotics, as E. coli cells were transferred from stationary 
phase to fresh medium, and monitored the growth resumption of individual cells in parallel. They 
observed that both growing and non-growing dormant cells coexisted in the same culture for 
several hours, and the kinetics of awakening from dormancy was heavily influenced by the 
growth conditions: bacteria inoculated into fresh medium from the same stationary phase culture
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had very different persister frequencies depending on the composition of the fresh growth 
medium. The researchers explained that the number of persisters within a population is a 
dynamic measure and the persister frequency within a particular culture is not a fixed value. 
Furthermore, they observed that the time spent in fresh medium is critical for antibiotic-mediated 
cell death. They subjected the cells to different antibiotic treatment times, added 1 - 3  hours after 
dilution into fresh media, and sampled them all 4 hours after dilution. They found that the extent 
of killing was the same for all bacteria at this time point, (-5 % survivors), regardless of the 
amount of time the antibiotic was present. This demonstrated that time spent in fresh medium 
determines the number of antibiotic-susceptible cells and suggests the wake-up speed is the 
limiting factor in the kinetics of cell death. Their results contrast ones obtained by Gefen et al., 
(2008), which showed that the immediate addition of antibiotics resulted in fewer persisters than 
those in cultures where the antibiotic was added after some period (Gefen et al., 2008). Joers et 
al. (2010) suggested that because of the different bacterial strains, different culture medium and 
persister detection method, their results were not directly comparable to those obtained by Gefen 
et al. However, this remains open to further interpretation. Moreover, Joers et al. tested the 
hypothesis that the bacterial awakening from dormancy depends on the growth resumption 
potency of the medium, and therefore the number of persisters.
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3 Materials and Methods
3.1 Introduction
In this chapter, the variety of methods that have been used throughout this study will be 
described. The interdisciplinary nature of the project will be apparent in the many different 
techniques that have been used, ranging from techniques routinely used as part of MEMS 
fabrication technology, to techniques employed in molecular and microbiology. Various 
lithographic techniques were utilised earlier in the project for the design and fabrication of the 
microfluidic device including photolithography, soft lithography and electron beam lithography 
techniques, which were specifically developed as part of the project and mainly performed in a 
clean room environment. Scanning electron microscopy and atomic force microscopy were used 
to characterise the samples. Other techniques used in experiments involving microfluidics and 
single-cell analysis include confocal laser scanning microscopy for fluorescence time-lapse 
microscopy, flow cytometry for quantitative analysis of bacterial populations and standard cell 
culture techniques employed in microbiology.
The experimental set up of the microfluidic devices were developed and substantially changed 
during the course of the project. The starting microfludic device was developed with lithographic 
processes and manufactured in a clean room environment. As the project progressed, various 
aspects of the devices were changed. The time-lapse experiments all followed the same core 
procedure, where live single cell bacteria were introduced into the microfluidic device and their 
growth, division and death was followed in real-time with time-lapse microscopy using a 
confocal laser microscope. Nutrient media and antibiotics were supplied with a syringe pump at 
a constant flow rate. The flow cytometry experiments were conducted in several stages. Initially, 
bacteria cultured in a variety of different media were grown to logarithmic phase or stationary 
phase of growth before harvesting and treatment with antibiotics. After a period of treatment 
with antibiotics, the cells were washed and stained with a membrane impermeable nucleic acid 
dye, and the samples were analysed with flow cytometry to examine bacterial viability.
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3.2 Lithographic techniques for microfluidic device fabrication
3.2.1 Overview
This section focuses on the various fabrication procedures for the manufacture of the 
microfluidic devices used in this project. This included the use of electron beam lithography, but 
mainly encompassed photolithography and soft lithography. Lithography, from the Greek lithos 
(‘stone’), and graphos (‘to write’) is an old printing technique, which used simple chemical 
processes to create an image. An image drawn in oil or wax was applied to a lithographic stone 
to transfer ink to printed sheets (Senefelder, 1911). Most high volume texts are today printed in 
a process called offset lithography. Photolithography and increasingly electron beam lithography 
are important techniques for manufacturing semi-conductor microchips. Electron beam 
lithography is capable of much higher printing resolution than photolithography, and is an 
important tool for the fabrication of high precision photomasks used in photolithography.
3.2.2 Electron beam lithography (EBL)
In EBL, a pattern is created digitally on a computer, which controls a focused beam of electrons 
to trace the desired pattern over the surface of a resist coated substrate. During the standard 
lithographic approach, UV-light is used to expose the resist layer (photoresist), but the 
diffraction limit of light limits the resolution of this process. The primary advantage of EBL is 
that it overcomes the diffraction limit of light and is able to make features in the nanometre 
range. However, one of the main disadvantages is the throughput, as it is a very time-consuming 
process. The time taken to generate the patterns used in this project, ranged from 6-8 h, to 18 h 
for the larger structures. In the EBL process, the electrons alter the chemical characteristics of 
the of the resist layer, which is typically a thin polymer resist, such as Polymethylmethacrylate 
(PMMA), formed on the surface of the substrate through spin-coating. Positive electron beam 
resists, such as PMMA, produce an image that is the same as the pattern drawn by the electron 
beam. As the electron beam hits the surface of the PMMA resist, the resist undergoes bond 
breaking, and as a result the exposed regions of the resist become soluble in the subsequent 
developing process. The electron beam approach is flexible as the beam can be scanned in any
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desired pattern to create objects of nearly any connected two-dimensional pattern (Ngyen and 
Werely, 2002).
In this project, EBL process involved a complex set of procedures which ultimately allowed sub­
micron features, not achievable with photolithography, to be created on Si masters. This master 
would be used in the subsequent soft lithography process for patterning of PDMS through replica 
moulding. The aim was to create parallel line-like features in PDMS that would be small enough 
to contain single cells of M smegmatis within the channels, with approximate dimensions 1 pm 
depth, 0.5-1 pm width, and 250 pm length. This resolution is not achievable using standard 
photolithography, and as a result the EBL method was developed. In theory, the above 
dimensions would be suitable for constraining a single mycobacterial cell within the channel and 
promote linear cell growth, down the length of the channel. This approach was derived from the 
method developed by Balaban et al. with single cell growth of E. coli (Balaban et al., 2004); the 
length of the line of cells giving an estimate of the number of daughter cells.
3.2.3 Photolithography
Photolithography was used to fabricate a master with larger patterns (8 pm, 64 pm, 128 pm) in 
the shape of flow channels. These flow channels would constitute part of a PDMS and glass flow 
cell for allowing nutrient media and antibiotic solution to reach the cells via the inlet port and 
waste to be drained out of the device via the outlet port.
The photoresist used in the photolithography process was SU-8 photoresist, a negative resist for 
the near-UV wavelengths ranging from 365 nm to 436 nm. Since the resist has very low optical 
absorbency at these wavelengths, photolithography of thick films with high aspect ratios is made 
possible; an ideal property for creating large flow channels. Structure heights of up to 2 mm with 
an aspect ratio of 20 can be achieved using standard lithographic processes. SU-8 photoresist is a 
type of epoxy resin, a molecule with one or more epoxy groups: oxygen bridges between two 
atoms. During the curing process, the exposed epoxy resins are converted to a thermoset 
polymer, a three-dimensional irreversible network structure (Ngyen and Werely, 2002), and 
become insoluble to the photoresist developer. SU-8 photoresist resist was initially developed by 
IBM (Lee et al., 1995).
46
Materials and Methods
Two types of SU-8 negative photoresists were used: SU-8 100, a more viscous photoresist that 
was used to create the larger channels (64 pm, 128 pm) and SU-8 2015 photoresist, used to 
create the 8 pm wide flow channels. The entire fabrication process of the microfluidic device can 
be subdivided into several steps:
1. EBL process for patterning of mieroehannels
2. Photolithography process for SU-8 mould fabrication and preparation
3. Soft-lithography process for PDMS casting and curing
4. Set-up of the microfluidic device using fused silica capillary tubes, glass, araldite and 
oxygen plasma bonding
The whole process (not including EBL processes), takes approximately 5-8 h to complete in a 
clean room environment. The master fabricated in the photolithography process can be reused to 
make numerous number of castings, provided the user is careful.
3.2.4 Experimental
3.2,4.1 Substrate preparation
The substrates used in this study are 2-inch single sided polished silicon wafers, glass slides, and 
microscope cover slips. During the EBL process, the substrate (Si wafer) was cleaned using a 
‘three-stage’ cleaning process before spin-coating the photoresist. This involved an ultrasonic 
bath (40°C) with acetone, rinsing with isopropanol (IPA), and finally rinsing with de-ionised 
(Dl) water. The wafer was dried with a stream of nitrogen gas and baked on a hotplate, in air, at 
200°C, for 5 min to further dehydrate the surface. For the photolithography process, a Si wafer 
was used as the substrate for the SU-8 mould. The wafer was pre-treated with an acid piranha 
etch using 5:1 ratio of concentrated sulphuric acid (H2SO4) and hydrogen peroxide (H2O2) for 10 
min and subsequently rinsed with de-ionised (Dl) water and dried with nitrogen gas. The wafer 
was baked on a hotplate, in air, at 200°C, for 5 min to dehydrate the surface and improve 
adhesion.
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3.2.4.2 Spin-coating
The copolymer resist MMA(8.5)MAA ELll [11 % solids in ethyl lactate (Microchem)] was 
statically dispensed and spread at 500 rpm for 5 s and thereafter spun at 2500 rpm for 45 s. The 
resist was hard baked on a hotplate, in air, at 150°C for 60 s and was allowed to cool for 3 min 
prior to the second coating with PMMA. The positive photoresist 950 PMMA A ll [950 K 
PMMA, 11 % solids in anisole (Microchem)] was diluted with 99.9% pure anisole (Acros 
Organics) to obtain 950 PMMA A7 (7 % solids in anisole) by adding 7.3 ml of anisole to 10.0 ml 
of 950 PMMA All .  This was done in order to obtain a coating of PMMA measuring 
approximately 0.5 pm. This mixture was then statically dispensed on top of the copolymer resist. 
It was spread at 500 rpm for 5 s and subsequently spun at 2500 rpm for 45 s. The resist was hard 
baked on a hotplate, in air, at 180°C, for 60 s to remove any solvent still present. The spin-speeds 
were adapted from the guidelines of Duffy et al. (Duffy et al., 1998) (Figure 3.1).
950P M MA A R e s is t s  
S o lid s :  2% - 7% In A n iso le
12000
10000
^  &OÜO t
I  6000
f  4000 IX
2000
0
-ftr
-M-
A2
500 1000 1 500 2000 SOO 3000 3500 4000
5fiin Speed (ip-n)
4500
Figure 3.1. Spin speed curve for PMMA (2-7% in anisole) resists. 950 PMMA A7 (7 % solids in anisole) was 
statically dispensed on top of the copolymer resist. It was spread at 500 rpm for 5 s and subsequently spun at 2500 
rpm for 45 s to obtain a coating of PMMA measuring approximately 0.5 pm. The resist was hard baked on a 
hotplate, in air, at 180°C, for 60 s to remove any solvent still present. (Adapted from Duffy et al, 1998).
3.2.4.3 Electron beam lithography
The EBL was carried out with a FEI Nova nanolab 600 electron beam microscope using a Nabity 
Pattern Generation System (NPGS). Prior to carrying out the actual EBL process, it was
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important to determine the optimum exposure conditions, and this varies depending on the type 
of resist use and thickness of the resist. Thus the optimum exposure conditions for the EBL 
process was tested through exposing the resist at 30kV, 44pA in a 6x6 array and increasing the 
dose from 50-200% of the recommended 300pC/cm^ nominal dose.
The array geometry is displayed in Figure 3.2 below with each box (250 x 450 pm) representing 
a set of patterns in the form of straight lines, 250 pm in length, with a thickness of 0.7 pm, and 
each line separated by 5 pm. In the initial design, smaller (20 x 20 pm) squares were added at the 
top of each pattern as a visual aid to help establish whether the patterns were under- or over­
exposed. In case of over-exposure, the squares appeared more rounded or ‘bowed’.
pm
24
33
Figure 3.2. A simplified diagram representing the 6x6 array of patterns for testing of the optimal exposure 
dose with EBL. Each numbered box represents a test exposure pattern composed of 80 parallel lines, 250 pm long, 
and approximately 1 pm wide, and optionally, a set o f 8 square reference shapes above each pattern with dimensions 
20x20 pm. The lines are separated by 4 pm, and each test exposure pattern is separated by 750 pm. The reference 
square shapes were added to the intial design in order to aid the user to determine whether the pattern was under- or 
over-exposed during the EBL process. These were removed from the designs after the optimum dose was 
determined. The numbers in the boxes represent the order of patterning in the EBL process.
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The PMMA and copolymer film was developed in a 1:1 mixture of MIBK (methyl isobutyl 
ketone) (Microchem) and IP A. This was achieved by immersion development within 1 h of 
exposure, with slight agitation for 30-40 s followed by a rinse with IPA and Dl water and finally 
dried with N2 gas.
3,2.4,4 Material deposition: sputtering
Initially molybdenum was chosen as the sputtering target due to its high tensile strength (329 
GPa), high melting point, low heat of expansion and its previous use in literature for sputtering 
and EBL applications (Viera, 2006). However, molybdenum (Mo) displayed poor adhesion to 
the Si substrate and the sputtering target was changed to chromium (Cr), another transition metal 
with high tensile strength (279 GPa). Cr displayed very good adhesion to the substrate compared 
to Mo therefore became the metal of choice for the master in this study. Cr was sputtered (JLS 
Sputter deposition system) at a current of 0.5 mA, voltage of 345 V, and at a sputtering pressure 
of 4 mT, using argon gas (25 sccm/min), giving a sputtering rate of 13nm/min, for 35 min.
Lift-off of the sputtered chrome was conducted by immersing the master in acetone for 30 min at 
room temperature and pressure. The master was then rinsed with acetone, IPA, and Dl water and 
dried with N2 gas, yielding a hard mask of thin Cr lines. Note that EBL was only needed once in 
the overall process; the fabrication of the master, as the master can be used multiple times. 
Initially, PMMA resist was spun on the wafer without the addition of a copolymer resist 
underneath. The lift-off process with PMMA alone was very slow and incomplete, even after 12 
h immersion in acetone. The addition of a copolymer layer underneath the PMMA reduced the 
lift-off time to 30 min.
3.2.4.5 Photolithography
The chrome mask used in the fabrication of the SU-8 master was designed using a CAD software 
and fabricated on quartz (Compugraphics) (Figure 3.3). The channels were designed to 
incorporate large inlet and outlet chambers, connected through several parallel channels to 
minimise the risk of one channel being blocked and thus preventing fluid flow through the 
device. The inlet and outlet ports measured ( 3 x 7  mm) and the seven parallel channels were
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either 64 jam or 128 jam wide and 9 mm long. In addition, smaller 2 jam and 8 jam wide channels 
were created through a “branching tree design” with the branching of larger channels into two 
separate smaller channels, until dimensions of either 2 or 8 pm is reached. The design was 
created in order to seed the bacterial cells directly into the channels and observing their division 
within these channels. Cross-shaped markers were put in to separate the designs and aid 
alignment and cutting of the PDMS layers in the subsequent soft lithography step. Each design 
was contained within a 20 x 20 mm square. The arrows will were put in to as a visual guide for 
direction of the fluid flow for the final microfluidic device. The photolithography process of 
spin-coating, baking, exposure, post-development baking and developing were developed from 
the process guidelines of MicroChem corporation (MicroChem, MicroChem).
Î
Î
Figure 3.3. The quartz mask used in the project. The mask was specifically designed for the project together with 
colleagues at the University of Surrey (Dr Steven Clowes). The picture displays the bright field and dark field 
regions o f the chrome mask.
After the substrate preparation process, SU-8 100 negative photoresist and SU-8 2015 negative 
photoresist (Microchem) were spin-coated on top of a wafer. SU-8 100 photoresist was statically 
dispensed at the centre of a 3-inch wafer (1 ml per square inch of wafer) and spread at 500 rpm 
for 10 s and subsequently ramped to 2000 rpm for 30 s to achieve an 80-100 jam thick layer. SU-
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8 2015, a less viscous SU-8 photoresist was statically dispensed at the centre of a 3-inch wafer 
and spread at 500 rpm for 10 s and ramped to 3500 rpm to achieve film thickness of 15 pm.
Table 3.1. Soft-baking process of SU-8 photoresist.
Resist Thickness (jum) Pre-bake 65°C (min) Soft-bake 95°C (min)
SU-8 100 100 20 50
SU-8 2015 15 1 2.5
The wafer coated with SU-8 100 was soft-baked on a hotplate, in air, at 65°C, for 20 min and 
95°C for 50 min. The wafer coated with SU-8 2015 was soft-baked at 65°C for 1 min and 95°C 
for 2.5 min (Table 3.1). This two-step heating process was used in order to prevent the formation 
of high-stress level leading to cracks forming in the resist film or buckling of the channel 
features. Following the soft baking process, the wafer was allowed to cool prior to the exposure.
Exposure of the SU-8 film was carried out on a 365 nm (i-line) mask aligner (Quintel Ultra pline 
Series) and exposed with a 500 mJ/cm^ dose for SU-8 100 and 150 mJ/cm^ dose for SU-8 2015.
Table 3.2. Post-exposure baking (FEB) process for SU-8 photoresist.
Resist Thickness (jum) PEBl: 65°C (min) PEB2:95°C (min)
SU-8 100 100 1 10
SU-8 2015 15 1 3.5
A Post-Exposure Bake (PEB) (Table 3.2) was carried using a hotplate, in air, for 1 min at 65°C 
and 10 min at 95°C for SU-8 100 and 1 min at 65°C and 3.5 min at 95°C for SU-8 2015 in order 
to complete the cross-linking process of the exposed resist.
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Table 3.3. Development process of SU-8 photoresist.
Resist Thickness (fim) Development (min)
SU-8 100 100 12
SU-8 2015 15 2.5
The SU-8 film was developed by immersion development, with slight agitation, at room 
temperature, in Microposit EC solvent (Rohm and Haas) (Table 3.3). The template was then 
rinsed in firesh developer solution, washed briefly with isopropanol (IPA) and dried with N2 gas.
3.2.4.6 Silanisation
The SU-8 template as well as the Cr-on-Si masters needs were silanised prior to the soft- 
lithography process with PDMS, as PDMS would otherwise stick to the wafer, preventing the 
casting fi*om releasing from the mould (Weibel et al., 2007). Approximately 1 ml of the 
silanising agent tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (Sigma Aldrich) was placed 
in a glass Petri dish together with the master and evaporated overnight in a vacuum chamber at 
room temperature. It was found that wafers that had been silanised overnight did not adhere to 
the PDMS casting but peeled off, compared to unsilanised wafers that adhered to the PDMS 
casting and in some cases resulted in tearing of the casting. The silanisation of the master was 
performed to allow a surface reaction to occur at a controlled rate and form a monomolecular 
surface layer, (Figure 3.4), (Chen et al., 2002, Lahann et al., 2003). A typical SU-8 master is 
shown in Figure 3.5
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Figure 3.4. SU-8 master surface silanisation. The silane group binds preferentially to the SU-8 layer and the oxide 
layer o f the wafer, leaving the fluorocarbon residue sticking up from the wafer surface, preventing the PDMS from 
sticking to the master during the subsequent soft-lithography process. Adapted from Chen et al., (Chen et al., 2002).
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Figure 3.5. SU-8 100 photoresist on a silicon wafer with a thickness of 100 pm. This wafer has been silanised 
and used in soft lithography. Some remainder of PDMS casting can be observed at the edges.
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3.2.4.7 Soft lithography process
PDMS Sylgard 184 (DowComing) was supplied in two parts: base part and curing agent. The 
PDMS pre-polymer was mixed in a 15:1 base to curing agent ratio by weight and was degassed 
in a vacuum chamber for 1 h to remove all air bubbles or until the mixture was clear. The pre­
polymer was subsequently poured on the chrome master to a thickness of 0.5mm and cured on a 
hotplate at 65°C for 2 h. (The complete stages of photolithography and soft-lithography is 
displayed in Figure 3.6). By elevating the temperature to 150°C, the curing time was decreased 
to approximately 10 min. The pre-polymer was also poured on the SU-8 silanised master and a 
clean wafer, to provide a casting for the channel cover slab, to a thickness of 1 mm and 2 mm 
respectively. Immediately after curing was complete, the PDMS castings were peeled from the 
masters, washed extensively in 70% ethanol and Dl water and dried with a nitrogen spray and 
placed in a sealed container to prevent dust contamination which could clog channels and 
prevent sealing. Scotch tape was used in some cases for removing dust particles from the PDMS 
surface.
Similarly, the Cr-on-Si masters were used to emboss a thin layer of PDMS. A small drop of 
PDMS pre-polymer was spin coated on a glass coverslip (22x40 mm), at 500 rpm for 60 seconds 
before the master (20x20 mm) was carefully placed in the middle. The pre-polymer was cured at 
150°C for 10 min and allowed to cool for 5 min, before the master was carefully separated from 
the PDMS coated glass coverslip using a scalpel.
55
Materials and Methods
Silicon wafer
Deposit photoresist
Add mask;
UV light exposure
SU-8 Photoresist 
Silicon wafer
Photomask 
UV light exposure
Remove mask: 
dissolve photoresist: 
silanise master
Master with SU-i 
relief structures
Pour on PDMS; cure 
(65^C/150‘C); 
peel away PDMS
PDMS
Embossed
microstructures PDMS
Figure 3.6. Diagram displaying the photolithography and soft-lithography process. The process begins by 
depositing SU-8 photoresist by spincoating the resist on top of the substrate (Si wafer) (A-B). The photoresist is 
exposed to UV-light through a photomask (C). Upon dissolving the unexposed photoresist, the cured photoresist 
remains as relief patterns (as defined by the photomask) on top of the Si wafer; a structure called the master. The 
master is exposed to vapours of tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane overnight in order to reduce 
adherence of PDMS to the master during replica moulding (D). PDMS (Sylgard 184) is poured over the master and 
is cured at elevated temperatures (60°C for 2h or 150°C for 10 min) (E). After curing, the PDMS is peeled off the 
master and is cut to the desired dimensions (F).
3.2.5 Device assembly
Fluidic inlet and outlet ports were cut in the PDMS channel inlet and outlet chambers, as well as 
a PDMS cover slab. This was done at the channel side of the casting using a bevelled 22-gauge 
syringe needle (Sigma-Aldrich). Cylindrical holes were drilled into a microscope glass using 
tungsten carbide drills (ISO 005 % RA, Diama Dental, UK) corresponding to the separation of 
the inlet and outlet holes of the PDMS slabs.
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To form an irreversible hermetic seal between the PDMS channel casting and the PDMS cover 
slab and microscope glass, oxygen plasma was used immediately after peeling the PDMS and 
cutting castings from the master, to form a thin layer of silicon dioxide on the sealing surfaces. 
The oxygen plasma was run for 30 s at 80 W RF power. The oxidised surfaces were immediately 
aligned and pressed together, and effectively sealing them irreversibly.
Fused silica capillaries, 2 inches long with an outer diameter of 360 pm and an inner diameter of 
250 pm (TSP 250350, Composite Metal Services Ltd), were threaded into the inlet and outlet 
holes in the PDMS from the channel side and pulled out of the drilled holes of the microscope 
glass. Finally, araldite (RS components) was mixed in a ratio of 1:1 and carefully placed around 
the interface of the drilled holes and the fused silica capillaries to ensure a water tight interface. 
The device was left at room temperature for several hours for complete bonding of the araldite 
and the PDMS slabs.
Once the sealing process was complete, PTFE tubes with an inner diameter of 0.3 mm and outer 
diameter of 1.58 mm (Sigma-Aldrich) were connected to the fused silica capillaries. The tubes 
were connected to BD plastic syringes (Sigma-Aldrich) fitted with a 27 gauge needle (Sigma- 
Aldrich). The syringe was fitted to a syringe pump (Harvard apparatus) and fluid was pumped 
into the fluid inlet and waste or excess fluid was simultaneously pumped out through the outlet 
point,
3.2.6 Mechanical clamp design
A “multi-layered” microfluidic device comprising PDMS, glass, and a cellulose dialysis 
membrane, such as in set-up 3 and 4, cannot be sealed with oxygen plasma bonding and requires 
a mechanical clamp to seal the device. A stainless steel clamp, in which the microfluidic device 
was sealed, was designed and manufactured and is shown in Figure 3.7. The clamp consisted of 
two plates, which were 2 mm thick, measuring 54 x 32 mm, with 20 x 20 mm openings to allow 
for flow injections and contact with the microscope objective. The bottom plate of the clamp was 
designed such that it is able to hold a glass coverslip measuring 22 x 40 mm (1 mm thickness).
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The PDMS flow cell is then placed on top of the glass coverslip before the whole deviee is 
clamped together by aligning the two plates and screwing the plates together.
d = 3 mm 
d = 2 mm
54 mm
d = 2.5 mm 
t = 2 mm
t=  1 mm 
t = 1 mm
d = 3 mm
d = 2 mm
d = 2 mm
d = 2.5 mm
40mm
2 mm ■s
10 20 30 40 50 60 70 80 9
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Figure 3.7. Specifications of the mechanical clamp. The clamp consists o f two stainless steel plates: (A) Top plate 
of the clamp with drilled holes for aligning with, the bottom plate of the clamp (B). The bottom plate o f the clamp 
had dimensions suitable for holding a single glass cover slip in place with or without a thin layer of PDMS/alginate. 
After introducing the bacteria onto the glass cover slip, the dialysis membrane was carefully placed on top and the 
PDMS and glass flow cell was aligned and directly placed on top of the membrane. Stainless steel screws (C) were 
threaded in from the bottom o f the clamp and tightened until ‘finger-tight’. Care was taken not tighten the screws 
too much as this would result in no flow through the channels, whereas not tightening the screws enough would 
result in leakage from the microfluidic device.
3.3 Characterisation
In order to determine the optimum dose of the EBL process, the manufactured Cr-on-Si stamps 
were characterised with scanning electron microscopy (SEM). After the optimum dose was 
determined, the Cr-on-Si stamps were used as masters for embossing thin layers of PDMS pre­
polymer. The subsequent patterns of the PDMS were analysed with atomic force microscopy 
(AFM).
58
Materials and Methods
3.3.1 Scanning Electron Microscopy (SEM)
SEM analysis was carried out with FEI Quanta 200F ESEM, in high vacuum mode, with spot 
size 3, at 12.5kV to characterise the Cr-on-Si stamps fabricated in the EBL process.
3.3.2 Atomic Force Microscopy (AFM)
A Digital Instruments, Nanoscope Dimensions 3100 Atomic Force Microscope was used to 
investigate the surface topography of the PDMS castings, using tapping mode. The scan rate was 
set to 0.500 Hz and amplitude set point set at 0.900 V.
3.4 Cultivation of mycobacteria
3.4.1 Overview
Media used for the cultivation of mycobacteria have been developed for the isolation of M. 
tuberculosis from clinical specimens such as sputum, body fluids, and tissues. However, there 
are various problems associated with the cultivation of mycobacteria, and these are contributed 
to several factors including slow growth rate and therefore long incubation times. This can lead 
to problems with contamination of cultures, especially with ftmgi, as well as clumping of the 
bacteria in liquid culture owing to the lipid rich nature of the cell wall. This can lead to issues as 
many of the standard techniques require dispersed cultures, including optical density 
measurements, and ideally single cells (for plating, infection of tissue cultures and screening of 
mutants). The problem can be alleviated by the addition of a detergent to the liquid culture, the 
most common being Tween 80. Sonication can be used as an alternative to break the clumps of 
mycobacteria, however for pathogenic species it is important to carry this out within appropriate 
safety cabinets in order to contain the generated aerosols. The use of the relatively fast-growing 
non-pathogenic species M. smegmatis, for in vitro studies, alleviates some of these problems, 
however it is still important to be aware of some of the issues associated with cultivation of 
mycobacteria (Allen, 1998).
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In this thesis, the main media used for the growth of M. smegmatis was Middlebrook 7H9 with 
added glycerol and Tween 80. For plating of M. smegmatis, 7H9 agar supplemented with 
glycerol was used instead of 7H11 agar. M smegmatis starter cultures were incubated at 37°C 
with agitation for 20-30 h and quantified by measurement of the optical density (OD) at a 
wavelength of 600 nm (ODeoo) using a Pharmacia Biotech Ultraspec 200 UV visible 
spectrophotometer, against a 7H9 media reference, as an indication for when cells are ready for 
harvesting. This wavelength is chosen because light absorption of macromolecules is at a 
minimum, and is therefore used to measure light scattering by bacteria, which is proportional to 
cell density.
3.4.2 Experimental
3.4.2.1 Preparation of Middlebrook 7H9 Inoculum Medium
2.35 g of Middlebrook 7H9 broth base (Becton Dickinson) was suspended in 500 ml of Dl water 
supplemented with 0.2% glycerol (Sigma Aldrich) and 0.2% of Tween 80 (Sigma Aldrich). The 
media was autoclaved at 121 °C for 30 min.
Starter cultures were grown by inoculating a single colony from fresh plates (3-5 day old plates 
for M. smegmatis mc^l55 / mc^l55 pGFP) into 5-10 ml of broth in glass universals cultured at 
37°C with shaking at 300 rpm using a magnetic stirrer, for 18-30 h, to mid-logarithmic (mid-log) 
phase (ODôoo = 0.5-I.0). 1% (v/v) of starter culture was added to 100 ml of broth in 250 ml 
flasks, containing a magnetic stirrer (225 rpm), and cultured until desired optical density for 
further study.
3.4.2.2 Preparation of Middlebrook 7H9 agar plates
1.5 % of agar technical grade 1 (Oxoid Ltd) and 2.35 g of the Middlebrook 7H9 broth base were 
suspended in 500 ml of Dl water supplemented with 0.2% glycerol and 0.2% of Tween 80. The 
mixture was autoclaved at 121 °C for 30 minutes. Plates were deep filled (20-25ml) to reduce the 
effects of drying during prolonged incubation and stored away from light at 4°C.
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3.4.2.3 Culture analyses
Culture samples were withdrawn and the optical density of culture samples was recorded. Viable 
counts were measured by plating 100 pi aliquot of decimal dilutions in sterile Ringer’s solution 
plus 0.2% (v/v) Tween 80 onto Middlebrook 7H9 agar. Mycobacterial colonies were enumerated 
after 3-5 days incubation at 37°C.
3.4.2.4 Antibiotic susceptibility testing
In this study, the bactericidal activity of an antimicrobial agent was tested against single cell 
cultures in the microfluidic devices, as well as for the flow cytometry experiments, because 
evidence suggests that altered antibiotic susceptibility patterns may be a characteristic of 
persistent M. tuberculosis (Parrish et al., 1998, Hu et al., 2002, Betts et al., 2002). The drug that 
was chosen in this study for the killing experiments in the microfluidic time-lapse experiments 
and flow cytometry experiments was rifampicin. Rifampicin is a broad spectrum antibiotic that 
was discovered in 1963 and introduced for TB chemotherapy in 1971, and is the most potent of 
the current anti-TB drugs in rendering sputum cultures negative of M. TB during short course 
therapy (Mitchison, 1992). The drug works by preventing the transcription of RNA from DNA 
(Cole, 1994, Rastogi and David, 1993). As a result, it was also important to test the minimum 
inhibitory concentration (MIC) of M smegmatis to rifampicin) in order to determine the correct 
dose of this drug for the experiments.
The agar dilution method was used to determine the MIC of M. smegmatis to the antibiotic 
rifampicin. The method was adapted from Sirgel et al. (Sirgel et al., 2008). Briefly, M 
smegmatis was grown on Middlebrook 7H9 agar with serially diluted drug concentrations, 
ranging 0-250 pg/ml. The proportion of bacteria resistant to the drug is estimated by comparing 
the number of bacteria grown in the presence of drugs to those grown on drug-free controls. The 
MIC was defined as the lowest drug concentration which inhibits growth of more than 99% of a 
bacterial population of M. smegmatis on solid Middlebrook 7H9 agar after 3-5 days incubation at 
37°C.
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3.4.2.5 Preparation of antibiotic stock solution
Approximately 250 mg of rifampicin (Sigma Aldrich, 97% HPLC) was dissolved in 5 ml of 
methanol giving 50 mg/ml stock solution. 1 drop of 1 M NaOH was added for every 1 ml of 
solvent and the solution was mixed until dissolved. The antibiotic stock solutions were sterilised 
by filtration through 0.22 pm syringe filters (Millipore) and stored in aliquots of 1 ml in sterile 
polypropylene tubes at -20°C.
3.4.2.6 Preparation of antibacterial drug dilution range
A two-fold serial drug dilution firom the rifampicin stock solution (50 mg/ml) was prepared by 
dispensing 2 ml of sterile solvent (methanol) into each of a series of 5 ml sterile capped 
polypropylene tubes. 2 ml of the antibiotic stock solution (50 mg/ml) was added to the first tube 
for a 1:2 dilution and mixed thoroughly. 2 ml of the first tube was added to the second tube and 
mixed (1:4) and the process repeated for all the required dilutions. No antibiotic was added to the 
tube labelled 0, which was used as a drug-fi*ee control.
3.4.2.7 Preparation of antibiotic-containing 7H9 agar dilution plates
7H9 agar was prepared as previously described in section 3.4.2.2. The medium was allowed to 
cool to 52-56°C in a water bath before 0.5 ml aliquots of antibiotic was added to one bottle of 
medium (100 ml) and mixed. The drug free control medium was prepared by substituting the 
drug with 0.5 ml of same the sterile dilutent (methanol). The liquid agar was poured into Petri 
dishes and allowed to set at room temperature before being stored at 4°C. All plates were used 
within a 1 month period.
3.4.2.8 Inoculation of 7H9 agar plates
The inoculation of the antibiotic-containing agar plates and the control were done as previously 
described in section 3.4.2.7. The growth was monitored after 3-5 days of incubation. The growth 
of cultures on drug-free medium were confirmed and the number of CPUs on both drug- 
containing and drug-free medium were counted after 3-5 days. The proportion of resistant 
bacteria were estimated as follows:
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% resistant bacteria = number of CPUs on dmg containing medium x 100 number of CPUs on dmg free control
Equation 2.
The results are demonstrated in Table 3.4 below as well as in Figure 3.8.
Table 3.4. MIC determination for rifampicin using the agar dilution method. Culture samples o f bacteria grown 
to ODeoo =1 . 5  were withdrawn and viable counts were measured by plating 100 pi aliquot o f decimal dilutions in 
sterile Ringer’s solution onto 7H9 agar containing rifampicin as well as a 7H9 agar control. Mycobacterial colonies 
were counted after 3-5 days incubation at 37°C. Values are the averages fi-om three independent measurements.
Dilution
number
Two fold drug dilution 
prepared from a SOmg/ml 
stock solution (pg/ml)
Final drug concentration in 
7H9 agar (fig/ml)
Average number of 
C F U s (OD6oo =  1>5)
% Resistant 
bacteria
0 0 0 2 4 7 N /A
1 5 0 ,0 0 0 2 5 0 0 0
2 2 5 ,0 0 0 12 5 0 0
3 1 2 ,5 0 0 6 2 .5 0 0
4 6 2 5 0 3 1 .3 2 0 .8 1
5 3 1 2 5 1 5 .6 6 2 .2 9
6 1 5 6 3 7 .8 1 2 5 10 .1
7 78 1 3 .9 1 62 2 5 .2
8 3 9 1 1 .9 5 16 4 6 6 .4
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Figure 3.8. MIC determination for rifampicin for M. smegmatis (mc^l55 pGFP). The MIC was determined as 
the lowest drug concentration which inhibits growth o f more than 99% of a bacterial population. The results 
demonstrate that 31.3 pg/ml inhibited 99.2% of bacterial growth. As a result, the MIC of rifampicin for M  
smegmatis (mc^l55) was approximated as 35 pg/ml. Average values and standard deviations are shown from three 
independent measurements.
3.5 Time-lapse studies
3.5.1 Overview
The following section describes the methods and techniques used in the time-lapse studies. The 
microfluidic devices were used for the culture of M smegmatis expressing the green fluorescent 
protein (GFP). The time-lapse studies were performed with confocal laser microscopy to 
investigate the single cell growth of bacteria in the presence of 7H9 media. The early-type 
devices which were comprised of PDMS and glass, irreversibly bonded at the channel side, to 
form large flow channels in PDMS with a glass coverslip floor, were found to be inappropriate 
for single cell culture of M. smegmatis inside the channels, as the continuous flow of nutrients 
through the channels, dislodged the majority of cells. For the purpose of this study, which 
attempted to investigate the persistence phenomena in mycobacteria, the final design of the 
device incorporated a hydrogel matrix, in which the mycobacteria are embedded and 
immobilised, a dialysis membrane to allow media diffusion between the PDMS flow channels 
and hydrogel layer, a glass coverslip, and a stainless steel clamp to mechanically seal the device 
and prevent leaking. Although this multilayer device was more difficult to assemble, it was
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found to be much more effective for the long-term culture of bacteria. The death of the bacteria 
as a result of exposure to the drug rifampicin was also investigated in real time by time-lapse 
microscopy through the uptake of the membrane impermeable nucleic acid stain propidium 
iodide (PI). The attempted regrowth of persister bacteria was done by washing of the antibiotic in 
the device with 7H9 media.
3.5.2 Experimental
3.5.2.1 M. smegmatis expressing GFP
To construct the GFP expressing M. smegmatis strain, mc^l55 was transformed with the dual 
reporter plasmid pSMTSLxEGFP (Figure 3.9; for sequence see Supplementary material). The 
plasmid was a gift from Dr. Graham Stewart at the University of Surrey. This plasmid is based 
on the pSMT3 Escherichia co///mycobacteria shuttle vector and contains the human codon- 
optimised and fluorescence-enhanced EGFP gene from from pEGFP (Clontech, Nottingham, 
UK) cloned under the control of mycobacterial 19kDa promoter, and the luxAB genes from 
Vibrio harveyi under the control of hsp60 promotor (Humphreys et al., 2006, Snewin et al., 
1999). Positive clones were selected by growing on plates and media supplemented with 100 
pg/ml hygromycin B (Roche). GFP expression was confirmed by confocal laser microscopy. For 
all time-lapse studies, bacteria were obtained from the mid-log phase of growth (ODeoo = 0.5- 
0.8). The mc^l55 strain constitutively expressing GFP will be referred to as mc^l55 pGFP.
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Figure 3.9. The GFP plasmid. The plasmid is based on the pSMTB Escherichia co/z/mycobacteria shuttle vector 
and contains the human codon-optimised and fluorescence-enhanced EGFP gene from from pEGFP cloned under 
the control o f mycobacterial 19kDa promoter, and the luxAB genes from Vibrio harveyi under the control o f hsp60 
promoter. (Humphreys et al., 2006).
3.5.2.2 Aliquots preparation
Cells were inoculated from 3-5 day-old agar plates, into 10 ml of 7H9 media (0.2% glycerol,
0.2% Tween 80, 100 pg/ml hygromycin) in glass universals and incubated at 37°C with agitation 
(magnetic stirrer, 300 rpm) for 18-24 h (ODeoo = 0.7-1.0). 1% (vol/vol) were added from the 
starter cultures to 250 ml cylindrical culture flasks containing 100 ml of media, and cultured at 
37°C with agitation (225 rpm). Experiments with mc^l55 pGFP were started from 
logarithmically growing cultures, (OD^ oo = 0.5-1.0).
3.5.2.3 Preparation of antibiotic stock solution
Rifampicin stock solution was prepared as previously described in section 3.4.2.5, and added to 
sterile 7H9 medium to the final concentration 350 |ig/ml, corresponding to approximately
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lOxMIC of mc^l55 (the MIC of rifampicin was estimated to be 35 pg/ml, from the antibiotic 
susceptibility studies (Figure 3.8). This concentration was chosen as it had been previously been 
established in literature that lOxMIC of M tuberculosis (H37Rv) for rifampicin was as effective 
against logarithmically growing cultures, as higher concentrations (lOOxMIC) (Betts et ah, 
2002). PI, (1.0 mg/ml in H2O, Sigma-Aldrich), was added to the same drug-containing medium, 
to a final concentration of 3 pM. In a recent study by Makarov et al (2009) the viability of M 
smegmatis and M tuberculosis was tested in a microfluidic device after antibiotic exposure by 
adding PI at the end of the experiment (Makarov et al., 2009). However, for this project, in order 
to observe death as it happened in real time, PI was added to the antibiotic-containing media. 
Thus, the uptake of PI, as demonstrated through bright red fluorescence, would indicate how fast 
individual cells were dying.
3.5.2.4 Device inoculation set-up 1 and set-up 2 microfluidic devices
1 ml of cell suspension from mid-log phase culture of mc^l55 pGFP was harvested by 
centrifugation (13500 rpm, 60 s), washed in 7H9 media, diluted 1:5 in 7H9 media, filtered using 
a 5 pm syringe filter (Millipore) to get rid of cell clumps, and directly seeded into the device 
using a 1 ml plastic syringe (Becton Dickinson), sterile PTFE tubing and ITA  G syringe needle 
(Sigma Aldrich). This device did not need the use of a mechanical clamp as the PDMS channels 
were sealed irreversibly by oxygen plasma bonding to the glass coverslip.
3.5.2.5 Device inoculation set-up 3 microfluidic devices
1 ml of cell suspension from mid-log phase culture of mc^l55 pGFP was harvested by 
centrifugation (13,500 rpm, 60 s), washed in 7H9 media, diluted 1:5 in 7H9 media, filtered using 
a 5 pm syringe filter (Millipore). 3 pi of this cell suspension was pipetted on top of a thin 
micropattemed layer of PDMS on top of a glass coverslip. A cellulose ester dialysis membrane, 
Spectra/Por® 2, MWCO 12,000-14,000 (Spectrum) was cut to the device dimensions (20x20 
mm) and washed extensively in 70% ethanol and de-ionised water, separated, and placed on a 
sterile agar plate to remove excess moisture prior to being put on top of the PDMS. The PDMS 
and glass flow cell was placed on top of the membrane and a stainless steel clamp was secured 
around the device and the screws tightened until finger-tight. Care was taken not to tighten the
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screws excessively as this would result in no flow, whereas if the screws were too loose, it would 
cause the device to leak during application of fluid flow. Controlling the tightness of the screws 
and the mechanical clamp was vital for functioning of the device.
3.5.2.6 Preparation of alginate solution
Alginic adic, in the form of sodium alginate (Fisher Scientific) was added and dissolved in 10 ml 
of pre-prepared 7H9 media supplemented with glycerol (0.2%) and Tween 80 (0.2%) to a final 
strength of 2%. The solution was filter-sterilised using a 0.22 pm syringe filter (Millipore). 
Sodium alginate was cross-linked with 10 mM Ca^  ^ in 7H9 media, in the method outlined in 
section 3.5.2.7.
3.5.2.7 Device inoculation in set-up 4 microfluidic devices
1 ml of cell suspension was harvested and resuspended in 100 pi of 7H9 media, which was 
added to 900 pi of the 2% alginate solution in 7H9. 100 pi of the alginic acid cell suspension was 
diluted into 500 pi of alginate, (~10^ CFU/ml). 3 pi of this cell suspension was pipetted on top of 
a clean glass coverslip and streaked across an area measuring 20x20 mm, using a sterile 
inoculating loop. A cellulose ester dialysis membrane, was cut to the device dimensions (20x20 
mm) and washed extensively in 70% ethanol and DI water, separated, and placed on a sterile 
agar plate to remove excess moisture prior to being put on top of the alginate cell suspension. 50 
pi of 10 mM Ca^  ^in 7H9 was aseptically added on top of the membrane and allowed to cross­
link for 10-20 min before the PDMS and glass flow cell was placed on top of the membrane. The 
stainless steel clamp was secured around the device and the screws tightened until finger-tight.
3.5.2.8 Determination offluid flow rates
The device was attached to a programmable syringe pump (Harvard Apparatus PHD 2000) and 
the fluid flow rate was set to 2 pl/min using pump and infuse mode of operation. This flow rate 
corresponded to continuous washing out of the channels approximately 1/2 times per minute, 
which was deemed sufficient for adequate exchange of nutrients to the bacteria. The dead 
volumes in the PTFE tubes were at most tens of microlitres, therefore the fluid switching time 
from nutrient media to antibiotics was approximately 5-10 minutes. The effective time to switch
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media was likely limited by diffusion through the cellulose dialysis membrane (thickness ~ 30 
pm, molecular weight cut-off 14 kDa).
The volume of PDMS flow cells with 7 channels measuring 128 pm x 9 mm, and 2 reservoirs 
measuring 7 mm x 3 mm, with a depth of 100 pm, is approximately 5 pi. The volume of PDMS 
flow cells with 7 channels measuring 64 pm x 9 mm, and 2 reservoirs measuring 7 mm x 3 mm, 
with a depth of 100 pm, is approximately 4.2 pi.
For the 128 pm wide channels, the volume of the flow cell was estimated as follows;
(l.28 *10~^m X 9 * X 10"S i X 7)-F (7 * 10"^m X 3*10"S?iX  10~^ X 2)
% 5 X IQ -W  = 5 X 10~^l = 5  pi
Equation 3
For the 64 pm wide channels, the volume of the flow cell was estimated as follows:
(6.4*10"^m X 9 * X 10"^m X 7)4- (7 * X 3 * X 10“  ^ X 2)
% 4.2 X =  4.2 X 10"^ ^  =  4.2 pi
Equation 4
3.5.2,9 Confocal laser time-lapse microscopy
Confocal laser scanning microscopy is a technique for obtaining high-resolution optical images 
and is widely used in various biological disciplines from microbiology to cell biology and 
genetics. One of the main features of confocal microscopy includes the ability to produce in­
focus images of thick specimens, known as optical sectioning or z-stacking. The image is 
acquired point-by-point and is reconstructed with a computer allowing three-dimensional 
reconstructions of complex objects. A laser beam passes through a light source aperture and is 
focused by an objective lens into a small focal volume within a fluorescent specimen. A mixture 
of emitted fluorescent light and reflected laser light from the illuminated spot is recollected by 
the objective lens. The light mixture is separated by the beam splitter, which only allows the
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laser light to pass through and reflects the fluorescent light into the detection system. The light 
passes through a pinhole and is detected by a photodetector and the light is transformed into an 
electric signal that is recorded by the computer.
In preparation for the time-lapse experiments, the device was placed on a heated stage with a 
temperature control, set to 37°C (± 0.1 °C). Sterile PTFE tubing were connected to a plastic 
syringe (Becton Dickinson) containing sterile 7H9 media, which was placed inside a syringe 
pump (Harvard apparatus), with a fluid flow rate set at 2 pl/min (Figure 3.10). Care was taken to 
remove all bubbles from the syringe and tubing before the tubes were connected to the 
microfluidic device.
LSM 510 confocal 
laser microscope
syringe loaded 
media
Figure 3.10. Experimental set-up of the time-lapse studies. The entire experimental set-up is shown; confocal 
laser microscope, heated stage, syringe pump, and computer software for automated time-lapse imaging (A). Close- 
up of the microfluidic device and stainless steel clamp which is placed on the heated stage and attached to PTFE 
tubing for continuous media perfusion (B). A syringe loaded with nutrient media is attached to a programmable 
syringe pump with a flow rate set to 2 pl/min (C).
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3.5.3 Time-lapse movies
The data acquisition was performed by a Zeiss LSM 510 confocal microscope, equipped with an 
Argon laser (488nm), 63xoil objective, and 500-550 nm and optical filters for GFP fluorescence 
only, and 500-500 nm and 650-710 nm optical filters for combined GFP and PI fluorescence. For 
time-lapse movies, images were normally collected at 15 minute intervals with z-stacking, taking 
5-8 optical slices (to recompense for focal drift), each 1 pm thick. The compilation and 
processing of the image sequences was carried out using Zeiss ZEN 2009 Light Edition software.
After each experiment, the microfluidic flow chambers were washed extensively in 70% ethanol 
or 70% IMS and DI water for use again. The dialysis membranes were however discarded after 
each use due to potential of non-specific binding of antibiotics or nucleic acid stains to the 
membrane.
3.5.3.1 Staining with SYTO13
SYTO 13 is a membrane permeable nucleic acid stain dye that exhibits bright green fluorescence 
(emission 509-514 nm) upon binding with nucleic acids. This dye was used to stain non-GFP 
mc^l55 cells within the microfluidic device in order to investigate difhision rates of the cellulose 
membrane and hydrogel matrix. The bacterial culture has to be incubated with the dye 
approximately 30 min in order to stain. SYTO 13 (5mM in DMSO) (Invitrogen) was added to 
7H9 media to a final concentration of 10 pM.
3.6 Flow cytometry experiments
3.6.1 Overview
In chapter 2 it was mentioned that traditional bacterial population studies such as colony 
counting or measuring the turbidity of a sample, fail to take heterogeneity of bacterial 
populations into account. Microscopy and live cell imaging, such as time-lapse microscopy with 
microfluidics, overcomes this issue, however it can often be very time-consuming and unless 
customised software is used, the analysis can be subjective. Furthermore, in order to observe 
phenotypic heterogeneity and rare events within a population, such as persister cells, a motorised
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stage is required which can simultaneously scan many different fields in the same device for the 
duration of the experiment, as well as automatically adjust the focus throughout the time-lapse 
study. Due to the limitations of the microscope used in this project and a lack of statistical 
accuracy using the time-lapse method, a flow cytometry method was developed to further 
investigate growth, death, and influence of nutrient limitation and antibiotic tolerance of M 
smegmatis cells. Flow cytometry is routinely used for measurements at single cell resolution, and 
subpopulations of interest can be isolated via fluorescence activated cell sorting (FACS^^). It has 
the capability of providing knowledge of the metabolic functions of cells at the single cell level 
without cumbersome cultivation techniques and facilitates the understanding of physiological 
diversities in otherwise seemingly homogenous populations. Flow cytometry is increasingly 
being used for gaining insight into the heterogeneity of populations as well as the functioning of 
bacterial populations, and when used with viability staining, it can provide information of the 
viability states of bacteria (Müller and Nebe-von-Caron, 2010).
3.6.2 Experimental
3.6.2.1 Strains and growth conditions
M. smegmatis strain mc^l55 p G F P  was routinely maintained on 7H9 agar plates supplemented 
with 0.2% glycerol and 100 pg/ml hygromycin B (Roche). Only 3-5 days old colonies were used 
for production of starter cultures. Bacteria were pre-cultured for 20-30 h in 10 ml of 7H9 
medium supplemented with 0.2% (v/v) glycerol and 0.2% (v/v) Tween 80. The bacteria were 
then sub-cultured into 250 ml culture flasks containing 100 ml of 7H9 medium 0.2% (v/v) 
glycerol and 0.2% (v/v) Tween 80 (25 mM inorganic phosphate (P i) ) .  Roisin’s minimal media 
was also evaluated, (Roisin M. Owens), for starvation of either carbon or phosphorus. Roisin’s 
media is a chemically defined glycerol-limited media that contains only one source of carbon as 
well as Tween 80 as a dispersal agent, ammonia as a source of nitrogen, and lacks citrate biotin 
or pyridoxine (Beste et al., 2005)
Roisin’s carbon limited media. Pi sufficient (37 mM Pi), was prepared using the following 
composition (per litre): 1.0 g KH2 PO4 ; 2.5 g Na2HP0 4 ; 5.9 g NH4 CI; 2.0 g K2 SO4 ; 0.5 ml IM 
CaCl2; 0.5 ml IM MgCb; 2 ml glycerol, 2 ml Tween 80, and 1 ml of trace elements solution.
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The trace elements solution contained (per litre): 80 mg ZnCb; 400 mg FeCl3-6H20; 20 mg 
CUCI2-2 H2O; 20 mg MnCl2-4H20; 20 mg Na2B4O7-1 0 H2O; 20 mg (NH4)6 Mo7 0 2 -4 H2 0 ). 
Roisin’s phosphate-limited media (1.5 mM Pi) contained the same composition as Roisin’s 
carbon limited media, except reducing the concentration of sodium/potassium phosphate 25 fold 
and increasing the concentration of carbon 10 fold, (per litre): 0.04 g KH2 PO4 ; 0.1 g Na2 HPÛ4 , 
20 ml glycerol. The pH was adjusted to 6.6 and autoclaved at 121 °C for 30 minutes.
All media and agar plates contained 100 pg/ml hygromycin B (Roche) to maintain constant GFP 
expression levels. For colony forming unit (CFU) counts, cultures were diluted in Ringer’s 
solution, supplemented with 0.2% Tween 80. Starter cultures for all experiments were produced 
by inoculating one colony of mc^l55 pGFP into a 10 ml of 7H9 medium (0.2% glycerol, 0.2% 
Tween 80), followed by incubation at 37°C with agitation (225 r.p.m) for 24 h to early stationary 
phase (ODôoo = 10) This culture served as the inoculum (1 ml) in fresh medium, (7H9 media, 
Roisin’s C-limited medium, Roisin’s Pi -limited medium at the compositions described above), 
followed by incubation at 37°C in a shaking.
S. 6.2.2 Starvation conditions
M. smegmatis mc^l55 pGFP cultured in 7H9 media to early-log phase (ODeoo = 0.3) was 
pelleted, washed twice with sterile phosphate-buffered saline (PBS), and resuspended in PBS and 
incubated at 37°C with shaking for 24 h. Samples were withdrawn, diluted in Ringer’s solution 
(0.2 % Tween 80), and plated on Middlebrook 7H9 plates. 15 ml aliquots were taken after 24 h 
in PBS, pelleted by centrifugation and resuspended in 7H9 media with 350 pg/ml rifampicin for 
incubated at 37°C for 24 h.
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3.6,23 Conditioned medium preparation
Supernatant were obtained from M smegmatis cultures grown in “normal” 7H9 medium and 
harvested at late stationary phase (3-5 day old cultures; ODgoo > 1.5). After centrifugation, 
(12000 g, 10 minutes), the supernatant was filter sterilised by passage through a 0.22 pm syringe 
filter (Whatman), stored at 4°C and used within 1-2 days. M smegmatis cultured to early log 
phase were harvested and resuspended in fresh 7H9 media supplemented with conditioned media 
at concentrations ranging 10-80% and a control (0%). A further control consisted of 
resuspending cells in 7H9 media with 10 fold reduction in concentration of carbon (0.02% 
glycerol).
3.6.2.4 Viability estimations
Bacterial viability was tested with conventional CFU counts. 1 ml samples were withdrawn, 
pelleted and washed twice in sterile PBS (and up to three times for bacterial cultures which 
contained rifampicin). Decimal dilutions were made in Ringer’s solution (0.2% Tween 80), and 
100 pi of the dilutions were plated on 7H9 agar plates. The colonies were enumerated after 3-5 
days.
3.6.2.5 Persistence assay
15 ml aliquots of cell suspension were taken from the various 100 ml cultures out at time points 
ranging 10-120 h, corresponding to lag phase (8-12 h); log phase (12-20 h); entry into stationary 
phase (20-30 h); stationary phase (30-40 h); late stationary phase (> 48 h). The remaining cell 
suspensions were harvested by centrifugation (12000 g, 10 minutes), in order to remove spent 
media. To rule out the possibility that increased resistance to antibiotics of stationary phase 
bacteria is simply due to a larger population density (decreasing uptake of the antibiotic) and not 
because of increased resistance of individual cells, the stationary cultures were diluted to 
densities similar to those of log-phase cultures (1 x 10^  CFU ml'^) prior to antibiotic exposure. 
The pellets (and diluted stationary phase culture) were resuspended in 7H9 medium, Roisin’s C- 
limited, and Roisin’s Pi-limited medium respectively, all containing 350 pg/ml rifampicin 
(IQxMIC) and were incubated at 37°C with agitation (225 r.p.m) for 1-7 days.
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3.6.2.6 Viability staining
Cells from the antibiotic containing cultures were harvested by centrifugation (12000 g, 10 
minutes), washed three times in PBS x 1 with a final wash in PBS containing PI (3 gM). 100 gl 
of cell suspension is transferred to flow cytometry tubes containing 900 pi PI (3 pM) in PBS. 
Cell suspensions were analysed with FACS^^ immediately following PI staining. (Prior to PI 
staining, viability was also tested with conventional CFU studies).
3.6.2.7Flow cytometry
The flow cytometry experiments were performed using a FACS Canto (Becton Dickinson) with 
a laser beam maximum at 488 nm to measure GFP and PI fluorescence of the individual cells. At 
least 10,000 events per sample were collected. The software package FACS DiVa (v 5.0) was 
used to analyse the data. Negative controls consisted of solutions containing PBS only and 
mc^l55 cultured to ODeoo of 1.0, without antibiotic exposure (GFP negative; PI negative). 
Further controls contained mc^l55 pGFP cultured to ODeoo of 1.0 without antibiotic exposure (PI 
negative).
3.6.2.8 Flow cytometry gating operations
Successive gating operations were performed for each sample to measure the subpopulation of 
live and dead bacteria within a sample. A typical flow cytometry gating operation is displayed in 
Figure 6.1 (chapter 6).
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4 Design and fabrication of microfluidic devices
4.1 Introduction
In this chapter the design and fabrication process of the microfluidic devices is presented and the 
results obtained from various manufacturing methods, such as EBL and photolithography, are 
shown. The results are presented through SEM analysis, AFM analysis and optical micrographs. 
Analysis of the SEM images from the EBL process allowed for optimisation of the exposure 
dose, which was the most challenging part of the fabrication procedure. After the optimal 
exposure dose was determined, the masters were fabricated and used in soft lithography to 
emboss PDMS through replica moulding. The AFM studies revealed successful transfer of 
patterns from the Cr-on-Si masters developed in the EBL process, to the polymer PDMS. The 
photolithography process for manufacturing the microfluidic flow cells involved a 
straightforward method as the fabrication of SU-8 masters and the subsequent soft lithography 
method has been widely used in literature. The various microfluidic set-ups are presented and 
their applications and suitability for time-lapse studies with mycobacteria are discussed.
4.2 Results
4.2.1 Device designs
Initially, the design of the microfluidic devices had to satisfy certain conditions. In order to 
monitor the growth, division and death as a result of exposure to the antibiotic, the bacteria had 
to be immobilised for the duration of the time-lapse experiment, to a single focal plane. Several 
device set-ups were designed and tested in order to investigate the optimum method for 
performing time-lapse experiments with mycobacteria and microfluidics devices:
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1. The bacteria were inoculated via media loaded with cell suspension, directly into large 
flow channels in PDMS with a PDMS floor, patterned with linear grooves with the Cr- 
on-Si masters, in order to attempt to trap the cells to the grooves during fluid flow.
2. The bacteria were directly introduced into large flow channels (>100 um width), which 
branch out into smaller sized channels (8 um width, and approximately 4000 pm long), in 
order to attempt to trap bacteria at this interface and observe growth down the length of 
these smaller channels.
3. The bacteria were physically trapped between a thin patterned layer of PDMS and a 
cellulose dialysis membrane, which was used for separating the bacteria from the fluid 
flow from the PDMS and glass flow cell above. The thin patterned layer of PDMS was 
created in order to attempt to trap single bacteria within the linear grooves and observe 
linear growth down the length of these grooves. The device was sealed using a 
mechanical clamp.
4. The bacteria were physically trapped within a hydrogel matrix, and were separated flrom 
direct fluid flow from the PDMS and glass flow cell using a cellulose dialysis membrane. 
The device was sealed using a mechanical clamp.
The four different conditions are referred to as set-up 1, 2, 3, and 4 respectively and the designs 
are illustrated in Figure 4.1.
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Figure 4.1. Sketched layout of the microfluidic devices. Set-up 1: Cells are directly inoculated into the PDMS and 
glass flow cell, which is sealed to a thin patterned layer o f PDMS (A). Set-up 2: top view o f PDMS flow channels, 
sealed to a glass coverslip. The channel structure is in the form o f a branching tree where a large channel 
subsequently branches into smaller and smaller channels. The final channel had a width o f 2 or 8 pm (B). Set-up 3: 
Cells are confined between a thin patterned layer PDMS and a cellulose dialysis membrane. On top o f the dialysis 
membrane, a PDMS and glass flow cell is attached using a mechanical clamp for the control and exchange o f the 
media and antibiotics (C). Set-up 4: Cells are confined within a thin layer of an alginate hydrogel matrix and a 
cellulose dialysis membrane is placed on top to separate the cells from the PDMS and glass flow cell. A mechanical 
clamp is used to seal the device (D).
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4.2.2 Set-up 1 and 2
The early microfluidie devices constructed in this project constituted an embossed layer of flow- 
channels in PDMS sealed to a microscope glass plate with drilled holes for the fused silica 
capillaries (see section 3.2.5) with the channels irreversibly sealed directly to a thin layer of 
PDMS, patterned with sub-mieron embossing, deposited on top of a glass coverslip. The idea 
was to directly seed the bacterial cells into the flow-channels via media loaded with cells. The 
patterns on the PDMS surface are in the form of parallel linear grooves, with the aim of trapping 
bacteria within the grooves during fluid flow. However, the majority of the cells did not attach to 
the grooves, but were observed moving with the direction of the fluid flow down the channels 
(chapter 5, section 5.2.1).
^ --------1= 64C8'
124 pm
Figure 4.2. A PDMS casting of a set-up 1 microfluidic device. The PDMS casting of a SU-8 100 master (mixed in 
a 15:1 ratio of base and curing agent) is filled with red food dye and sealed to glass. The thickness of the individual 
microfluidic flow channels is either 64 or 124 pm. In this case the channel width is 64 pm and the depth is 
approximately 100 pm, giving a total volume of ~ 4.2 pi.
In Figure 4.2, some leakage of the red food dye can be observed in form of a red shadow. The 
leakage could be due to incomplete sealing of the PDMS layer to the glass cover slip. This could 
result from factors such as misalignment of the PDMS layer to glass as a result of the two 
surfaces not being completely level. It can also be due to insufficient plasma bonding. Literature 
states that with irreversible air or oxygen plasma bonding, the device is able to withstand 
pressures of 30-50 psi, whereas reversible bonding (van der Waals interactions) can only 
withstand pressures of up to 5 psi (Duffy et al., 1998, Chaudhury and Whitesides, 1991). The
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likely pressures generated in the microfluidic devices manufactured in this project are negligible 
as the flow rates used in the experiments were less than 1 ml/min.
Fused silica 
capillaries
Araldite
PDMS
Flow 
channels
Inlet 
chamber
Outlet 
chamber
Figure 4.3. Set-up 1 microfluidic devices: The individual components of the device are listed. The device is 
composed o f a thick layer of PDMS (~2 mm) with channels sealed to a patterned PDMS coating on a glass coverslip 
(0.1 mm) floor, irreversibly bonded with oxygen plasma bonding (A). A programmable syringe pump (Harvard 
apparatus) used to infuse the devices with nutrients and/or antibiotics. The device was able to withstand infuse rates 
of at least 0.5 ml/min, without leakage (B). A microfluidic device filled with red food dye to reveal the channel 
structure and to ensure the device is water-tight (C-D).
In set-up 2, the microfluidic channel structure was in the form of a branching tree, where the 
final channel width measures 2 pm or 8 pm. The bacteria were directly inoculated into the large 
flow channel (128 pm) with the aim of trapping a single bacterium at the start of the small 
channel and observing bacterial division within this space. However, when the bacterial solution 
was inoculated into the devices, the channels became blocked and the media was not able to
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drain from the outlet of the device, which is vital for time-lapse experiments. As a result, for the 
purpose of these studies, set-up 2 microfluidic devices could not be utilised.
4,2.2.1 Optical micrographs
Figure 4.4. Optical micrographs (x 2.5 magnification) of PDMS channels of a set-up 2 microfluidic device.
Four different optical micrographs are displayed together in this figure to show the ‘branched tree’ channel structure 
o f the device. The channels are filled with red food dye. The half arrows are for a visual guide and represent the start 
of the 8 pm wide channels. The scale bars represent 100 pm.
Figure 4.4 displays the channel sequence of the PDMS flow channels from a set-up 2 
microfluidic device. The channel leads from the inlet reservoir (at the left hand side) to the 8 pm 
channels observed between the two half arrows. The two half arrows in the design serve as visual 
aid to display the start and end of the 8 pm wide channels.
4.2.2.2 Characterisation of Cr-on-Si master and PDMS castings
In order to determine the optimum conditions of the EBL process, all masters were characterised 
with scanning electron microscopy (SEM). The SEM studies allowed very detailed analysis of 
the resulting micro-structures from the EBL process. After the optimum exposure conditions 
were determined through the SEM studies, the chosen masters were used to make imprints in 
PDMS through replica moulding in the soft lithography process, described in section 3.2.4.5, and
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the resulting patterns in PDMS were analysed through atomic force microscopy (AFM). The 
AFM analysis allowed a detailed analysis of the profiles of the PDMS castings.
4,2.23 SEM analysis
It was mentioned in chapter 3 that the initial EBL proeess was performed without depositing a 
copolymer resist layer underneath the PMMA resist layer. SEM analysis revealed incomplete 
lift-off of chromium (Figure 4.5), and as a result, the process was modified to incorporate a 
copolymer layer.
Figure 4.5. Incomplete lift-off of a Cr-on-Si master. PMMA resist was deposited directly on the Si wafer without 
the addition of a copolymer resist, prior to the EBL process. After sputtering with chromium, the lift-off process 
took approximately 12 h, and yielded broken or incomplete patterns o f chromium on the silicon master.
The SEM micrographs (Figure 4.5), display the incomplete lift-off process and broken patterns 
of a Cr-on-Si master. In this instance only PMMA resist was deposited on the substrate prior to 
EBL (300 pC/cm^), sputtering and lift-off process in this instance took 12 h, and yielded broken 
or incomplete patterns of Cr on the Si wafer. This was part of the initial studies with EBL. As a 
result, a copolymer resist was added underneath the PMMA resist, and lead to marked 
differences in the lift-off time (1-2 h in acetone), and aided the sputtering process. The difference 
in dissolution rates of the PMMA and copolymer layer during the development stage, results in 
different resist sidewall profiles of copolymer (Duffy et al., 1998). The copolymer resist is
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believed to aid the metal deposition during the sputtering process as well as the subsequent lift­
off process.
As mentioned in chapter 3, in order to identify the optimum electron beam exposure of the resist, 
the dose was initially varied from 50-200% of the 300 pC/cm^ recommended nominal dose in the 
EBL process, in a 6 x 6 array.
B
40 0  n m750 nm
24 23 22
27 29
Figure 4.6. Simplined diagram of the EBL 6 x 6  test exposure array (A) and SEM image, displaying part of 
the 6x6 test exposure array (B). (A): Each numbered box represents a test exposure pattern composed o f 80 
parallel lines, 250 pm long, and approximately 1 pm wide, and a set o f 8 square reference shapes above each pattern 
with dimensions 20x20 pm. The lines are separated by approximately 4 pm, and each test exposure pattern is 
separated by 750 pm. The reference square shapes were added to the intial design in order to aid the user to 
determine whether the pattern was under- or over-exposed during the EBL process. These were removed from the 
designs after the optimum dose was determined. The numbers in the boxes represent the order of patterning in the 
EBL proeess. (B): An SEM micrograph displaying part o f the test exposure array depicted in (A). The scale bar 
represents 1 mm.
Figure 4.6 above, displays a simplified diagram of the EBL 6 x 6  test exposure array, with each 
number representing the order of exposure. Pattern number 1, was exposed at 150 pC/cm^, 
whereas pattern number 36 was exposed at 600 pC/cm^. All the other variables (development 
time, sputtering, and lift-off) were kept constant.
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Figure 4.7. Cr-on-Si masters exposed at 50% and 200% of the nominal 300pC/cm^ dose. The square shapes 
present in the patterns are for reference only, in order to examine potential under-exposure or over-exposure o f the 
resist, and were not part o f the final structure of the master. At 150 pC/cm^, it is clear that substrate has been under­
exposed in the EBL process. This can be seen Irom the incomplete patterns from the structure as parts o f the 
structure have been “lifted-off ’ (A). At 600 pC/cm^, the structure is heavily over-exposed. This is displayed by the 
merging of the structures as well as the bowing of the square shapes in the structure, resulting in almost circle like 
patterns (B). The scale bar represents 100 pm.
At 150pC/cm^ it is clear that substrate had been under-exposed (Figure 4.7A), which can be seen 
from the incomplete patterns from the structure as parts of the structure have been “lifted-off’. In 
the EBL process, if the PMMA is under-exposed, it will not dissolve during the subsequent 
developing process, and thus the sputtered Cr will deposit on top of a resist layer, instead of 
directly on the Si wafer, and will as a result be removed in the lift-off process with acetone. 
Conversely, Figure 4.7B clearly displays a heavily over-exposed (600 pC/cm^) master structure. 
This is due to heavy forward scattering or beam broadening that in some places resulted in 
rectangular blocks of the sputtered Cr, rather than desired discrete thin lines of 0.5-1 pm width.
Figure 4.8 below displays a closer view of the resulting linear structures from pattern number 1 
(A), and pattern number 10 (B) of the 6 x 6 pattern array in Figure 4.6.
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Figure 4.8. Cr-on-Si masters exposed at 50% and 92% of the nominal 300pC/cm^ dose. (A) Pattern number 1, 
(150 pC/cm^), has clearly been under-exposed and the pattern is broken. (B) Pattern number 10, which had 
experienced a higher percentage of the exposure dose, (275 pC/cm^), was however complete and composed of  
discrete unbroken lines.
The optimal exposure was found to be at around 90-95% of the recommended 300 pC/cm 
nominal dose as displayed in Figure 4.9 below.
r
 100 Upm--
Univefsiiv of Surte
7/31/2007 HV Spot Mag Det W D  HFW : Tilt 
1 20 16 PtV 12 5 kV 3 0 525x ETD 6  3 mm 0  51 m m  3 1
Figure 4.9. Cr-on-Si masters exposed at 280 pC/cm^. These are examples of samples that were pre-coated with 
the copolymer resist prior to the coating of the PMMA resist. The patterns are discrete and unbroken. The lift-off 
process was completed within 30 min compared to 12 h when the samples were only coated with PMMA resist. The 
entire pattern is shown including the reference squares. The scalebar represents 100 pm (A). A close-up of the linear 
pattern. The measured width and separation distance of the channels are 0.63 pm and 4 pm respectively, which is 
falls within the desired parameters for 0.5-1 pm o f channel width and 3-5 pm separation (B).
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Figure 4.10. Cr-on-Si masters, exposed at the optimum dose 280 pC/cm^. The micrographs showing the final 
designs o f the Cr-on-Si master that has been exposed at 280pC/cm^ (A). Close-up of the relief patterns of the Cr- 
on-Si master. The linear patterns are discrete and unbroken (B). The exposure dose of 280pC/cm^ was subsequently 
chosen as the optimum exposure dose and the reference squares were removed from the design.
Using this in-house developed EBL protocol, the Cr-on-Si stamps were able to be reproduced 
with high accuracy. The Cr-on-Si masters displayed in Figure 4.9 and Figure 4.10 were 
manufactured during a two month interval. Nevertheless the structures are very similar with the 
exception of the reference squares, which are missing from the latter structure.
4.2.2.4 AFM studies
A Digital Instruments, Nanoscope Dimensions 3100 Atomic Force Microscope was used to 
investigate the surface topography of the Cr-on-Si masters and the PDMS eastings, using tapping 
mode.
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Figure 4.11. AFM micrograph of a Cr-on-Si master with channel width of 0.7 pm (A) and its PDMS casting 
(B). The AFM micrograph of the Cr-on-Si master is displayed as discrete relief structures.
Figure 4.11 displays an AFM mierograph of a Cr-on-Si master (A), and its PDMS casting (with 
15:1 base to curing agent ratio) (B). The AFM micrograph of the Cr-on-Si master is displayed as 
discrete relief structures. The edges of the relief structure appear to be raised and this is further 
demonstrated in the three-dimensional (3D) micrographs below (Figure 4.12).
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Figure 4.12. AFM micrographs of the Cr-on-Si masters, its replica casting in PDMS, and their cross-sectional 
profiles. (A) 3D AFM micrograph of a Cr-on-Si master with ~ 1 pm wide relief structures fabricated from the EBL 
process. The edges of the relief structure appear to be raised in the form of an ‘m’ shape. (B) Cross-sectional profile 
of the Cr-on-Si master. (C) 3D AFM micrograph of the PDMS replica casting of the Cr-on-Si master. (D) Cross- 
sectional profile o f the PDMS replica casting. The rippled surface effect o f the AFM micrograph is likely to be due 
to the soft, elastomeric nature of the PDMS. As the AFM tip hits in the surface in tapping-mode, it is likely to induce 
vibrations across the sample.
(Figure 4.12) displays 3D images of the PDMS casting and Cr-on-Si masters displayed in Figure 
4.11. A ripple effect is seen in both micrographs of the PDMS casting, (Figure 4.1 IB, and Figure 
4.12C) that is absent in the micrographs of the Cr-on-Si masters (Figure 4.11 A, and Figure 
4.12A), and is likely to be due to the soft, elastomeric nature of the PDMS. As the AFM tip hits 
in the surface in tapping-mode, it is likely to induce vibrations across the sample, leading to 
ripples. This ripple effect appeared to decrease slightly when the force was increased as the 
amplitude set-point was decreased. Furthermore, a pre-polymer mixture ratio of 15:1 of base part 
and curing agent was used for the formation of the PDMS casting, resulting in a less rigid
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polymer replica than the more commonly used ratio of 10:1. The 3D AFM image of the Cr-on-Si 
master (Figure 4.12A) shows raised edges of the relief structure in the form of an ‘m’ shape. This 
shape is believed to be the result of the build-up of sputtered chromium at the edges during the 
sputtering process.
It can be seen that the height of the relief structures of the Cr-on-Si stamp and depth of the 
PDMS channels are complementary; the depth of the channels of PDMS casting is 
approximately 1 pm, and similarly, the height of the relief structures of the Cr-on-Si stamp is 
approximately 1 pm. The measurements are slightly wider than what was measured in the SEM 
measurements (Figure 4.9) but are nevertheless within the desired parameters. Furthermore, in 
the SEM image, the thick white lines, which could correspond to the raised edges of the ‘m’ 
shape were not included in the measurement.
Micropatteming of PDMS was also attempted using Blu-ray CDs that had been stripped of the 
metal layer using nitric acid, as masters in soft lithography. A typical AFM profile of the CD and 
PDMS casting is demonstrated in Figure 4.13 below.
0.61 a.u. 0.58 a.u.
-0.41 a.u -0.43 a.u.
Figure 4.13. AFM micrographs of Blu-ray CD masters (A) and PDMS castings (B). The Blu-ray CD had been 
stripped o f its metal layer through immersion in nitric acid. The PDMS pre-polymer was poured on top o f the master 
and cured in air, at 60°C for 2 h on a hot-plate. The AFM micrographs reveal discrete relief patterns o f both the 
master and its PDMS casting.
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4.2.3 Set-up 3 and 4
After testing set-up 1 in time-lapse studies with M smegmatis cells expressing GFP, it became 
clear that these devices were not appropriate for the application of time-lapse imaging of single 
cells. The reason for this being that the bacteria were seeded directly into the flow channels 
which had a depth of up to 100 pm, via the inlet port of the device. Because the cells were not 
immobilised but allowed to flow in the three-dimensional space in the flow channels, they were 
affected by the flow of media through the flow channels and as a result detached firom the 
channel walls and moved down towards the outlet chamber (explained further in chapter 5, and 
in supplemental material: Movies 1-3). Further preliminary trials were made to modify the 
channel walls, including patterning the PDMS with grooves made fi*om the Cr-on-Si masters as 
well as the use of Blu-ray CD masters that had been stripped of the metal layer (Figure 4.13). 
However, this did not contribute to cell attachment during the time-lapse trials (data displayed in 
chapter 5). In set-up 2, the channels had a branching tree structure in which the main channels 
leading from the inlet reservoir, branched into smaller channels. The final channel dimensions 
was either 2 pm or 8 pm wide (lateral dimensions 3 mmxl5 pm). The major issue faced with 
using this set-up was that as the M smegmatis cell suspension was loaded into the device, the 
flow channels became blocked, and no cells were observed at the 8 pm wide channel interface. 
Furthermore, the 2 pm wide channels could not be fabricated using SU-8 photoresist available in 
this study and as result, the microfluidic set-up had to be modified.
In order to perform time-lapse studies, the bacteria must be immoblised for the duration of the 
time-lapse experiment, either by being confined to a two-dimensional space or by attachment to 
the channel walls. Trials were made to incorporate the micropattemed thin layers of PDMS into 
the device (set-up 3), similar to the microfluidic design of Balaban et ah, (Balaban et al., 2004), 
in order to confine single cells of M smegmatis to the linear grooves of the PDMS and observe 
linear growth. The linear patterns of the thin PDMS layer were fabricated from the EBL process 
had dimensions suitable for trapping single cells within its grooves. However, the trials were 
unsuccessfiil in their attempt to confine the cells to the grooves and the cells were randomly 
distributed on the surface of the PDMS underneath the membrane, rather being confined within 
the linear grooves (chapter 5, section 5.2.2).
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An alternative method was developed and included the use of alginate hydrogel deposited on a 
glass coverslip, such that the cells are embedded within the thin layer of the alginate matrix. The 
microfluidic device had to immobilise and contain the cells within a single focal plane, while 
allowing nutrients and waste to pass and simultaneously insulate the cells from the direct flow of 
the PDMS and glass flow cell. As a result of the design considerations, the final design of the 
microfluidic device (set-up 4) consisted of several layers, mechanically clamped together: i) a 
glass coverslip coated with a thin layer of calcium (10 mM Ca^ )^ cross-linked alginic acid (2%) 
seeded with M smegmatis single cells, (ii) a cellulose ester dialysis membrane (MWCO of 14 
kDa) placed on top of the hydrogel, and (iii) a PDMS flow cell for the transport of nutrients and 
waste (set-up 4).
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Figure 4.14. Set-up 4 microfluidic device and the stainless steel mechanical clamp. A microscope coverslip, 
coated with alginate hydrogel and seeded with cells, was placed on the bottom plate of the clamp and a cellulose 
dialysis membrane was placed on top to cover the 20 x 20 mm area (A). The PDMS and glass flow cell (i.e. the 
main component o f the microfluidic device) was aligned and placed on top of the cellulose membrane, (B). The 
microfluidic device was clamped, (C), by aligning the top and bottom plates and screwed together using stainless 
steel screws which were threaded in from bottom of the clamp, (D), and tightened until “finger tight”.
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4.3 Discussion
During the course of the project, the microfluidic designs were altered numerous times in order 
to find the best and least complicated set-up for culture of mycobacteria. The design and 
fabrication route for the microfluidic device was found to be critical for the culture and analysis 
of mycobacteria for time-lapse studies. The ultimate purpose of the device was to investigate the 
growth morphology and study the effects of antibiotic treatment at the single cell level. Four 
different microfluidic designs were constructed: set-up 1, set-up 2, set-up 3 and set-up 4.
In set-up 1, the device consisted of three components: (i) a thin layer of PDMS with sub-micron 
sized linear grooves, made fi*om the Cr-on-Si master, on a glass coverslip, ii) a PDMS and glass 
flow cell, manufactured using photolithography, with larger flow channels, (iii) a microscope 
glass slide with drilled holes for threading fused silica capillaries at the inlet and outlet reservoirs 
for the exchange of fluids. The device was sealed using araldite and oxygen plasma bonding.
EBL provided a useful platform for designing and manufacturing sub-micron features on a Si 
wafer. An array of parallel lines was created using CAD and the array was printed on a PMMA 
and copolymer coated wafer with EBL. Subsequent sputtering with chromium and lift-off in 
acetone resulted in discrete linear patterns of chromium on a Si wafer; Cr-on-Si master. The 
exposure dose for the EBL process was varied considerably in order to find the optimum 
conditions for the fabrication of the masters. Initially, PMMA was deposited directly on the Si 
wafer. However, because of the slow lift-off process (12 h in acetone) and the resulting broken 
patterns, a copolymer resist was deposited prior to the addition of the PMMA layer. This lead to 
marked improvement in the lift-off time (1-2 h in acetone), and aided the sputtering process, and 
is believed to be due to the differences in dissolution rates of the copolymer and PMMA resists 
during the EBL process. Through SEM analysis, the optimum exposure dose for the EBL process 
was found to be at approximately 93% of the 300 pC/cm^ nominal dose, 280 pC/cm^; the linear 
relief patterns of the Cr-on-Si masters were straight and unbroken, which was critical in order to 
be able to create linear channel castings in PDMS. AFM analysis revealed successful replica 
moulding of the Cr-on-Si masters with PDMS (Figure 4.12). Each channel had a width of 
approximately 0.5-1.0 pm, and a length of 250 pm, which in theory is suitable for trapping a
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single bacterium of M smegmatis and facilitate division of the cell down the length of the 
channel, resulting in several generations of daughter cells. This could allow one to identify 
epigenetic states in the original parent cell, as well as daughter cells. The dimensions were 
adapted from those used by Balaban et al (2004) for E. coli (Balaban et al., 2004).
Originally, the thin patterned layer of PDMS would constitute part of a “multilayered” 
microfluidic device design, (set-up 3), which would include a glass coverslip, a cellulose dialysis 
membrane and larger flow channels cast in PDMS. However, in order to be able to seal the 
device, a mechanical clamp had to be developed as sealing the device with oxygen plasma would 
not be possible.
While designing a suitable mechanical clamp, time-lapse studies were attempted using the set-up 
1 microfluidic devices. During these early time-lapse trials, cell division could not be followed 
because of cells moving and detaching from the device channel walls during application of fluid 
flow (data displayed in chapter 5). Further preliminary trials were made to modify the channel 
walls including patterning the PDMS floor with grooves made from blue-ray CD masters, which 
had been stripped of the metal layer (Figure 4.13). However, this did not contribute to cell 
attachment during the time-lapse trials (data displayed in chapter 5).
Set-up 2 microfluidic devices consisted of PDMS flow channels sealed to a glass coverslip. The 
flow channels had a tree branch structure, where each of the 7 channel leading out from the inlet 
reservoir branched into smaller channels, with the smallest channel width being 2 or 8 pm. 
However, during inoculation of the bacterial solution into the device, the channels became 
blocked and media could not drain from the outlet of the device, which is vital for subsequent 
time-lapse experiments. As a result, for the purpose of these studies, set-up 2 microfluidic 
devices could not be utilised. This design has another important flaw: even if cells were able to 
enter into the small (2 or 8 pm wide) channels, after some time the cells would replicate and 
completely block these channels, again impeding media from exiting the device through the 
outlet reservoir.
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As a result, it was decided that the bacteria must be immobilised for the duration of the time- 
lapse experiment by being confined to a two-dimensional space to constrict cells to divide 
horizontally; the use of a mechanical clamp would be vital. The clamp was designed and 
manufactured in stainless steel, consisted of two plates screwed together, with openings allowing 
for flow injections and contact with the microscope objective. The simple yet valuable clamp 
design was vital in order to effectively seal the microfluidic device for long term time-lapse 
studies with continuous fluid flow. This resulted in set-up 3 microfluidic devices; multi-layered 
devices which employed a cellulose dialysis membrane to insulate the cells from direct fluid 
flow. The bacteria would be trapped between a thin patterned layer of PDMS and the membrane 
(set-up 3). However, the process of depositing a thin enough PDMS casting of a patterned Cr-on- 
Si master in order not interfere with the working range of the microscope objective (0.1 mm), 
combined with cutting and placing on a glass coverslip without tearing the PDMS, was found 
cumbersome and error prone. As a result, an alternative method had to be developed which 
allowed the cells to be immobilised within a single focal plane, allowing nutrients and waste to 
pass through the system, and simultaneously insulate the cells from the direct flow of the 
chambers. Furthermore, any incorporated material needed to be biocompatible. Other 
immobilisation methods such as attachment of the cells to the substrate, were ruled out as they 
would not be appropriate for time-lapse studies; after cell division, unattached daughter cells 
become lost in the flow, impeding lineage studies.
In set-up 4, one aspect that was changed was the application of a thin alginate hydrogel matrix in 
which the cells were embedded, instead of the thin patterned layer of PDMS. The reasoning 
behind this was that alginate hydrogels are well established biocompatible materials (Alexander 
et al., 2006), and hydrogels are a useful class of substrates in microbiology as cells grown on 
their surface, or within the matrix remain hydrated, and nutrients, gases and by-products can 
diffuse through the polymer network (Weibel et al., 2007). This method of trapping single cells 
of mycobacteria within the microfluidic device for long-term fluorescence imaging was chosen 
because of the relative ease with which each new sample could be prepared, compared to the 
soft-lithography process required for patterning a layer of PDMS required for set-up 3.
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4.4 Conclusion
In this chapter, the various designs and components of the microfluidic devices were analysed 
and characterised before the final design was chosen assembled. Mycobacteria are notoriously 
fastidious bacteria and are slow growing compared to other organisms such as E. coli. As a 
result, it was important to design and test different microfluidic set-ups to assess the optimum 
platform in which these bacteria can grow and divide in an unperturbed environment. Based on 
the results from the analysis of the microfluidic device setup, the optimisation of the device was 
found to be paramount. As a result, the set up of the devices was varied considerably throughout 
the course of this project in order to determine the optimum method for immobilising single cells 
of mycobacteria and facilitate their growth and division in a two-dimensional horizontal plane.
Microfluidic devices were designed and constructed using photolithography, EBL and soft 
lithography, for the long term culture of single cells of mycobacteria.
Cr-on-Si masters were manufactured using EBL and were used to make castings in PDMS. 
Analysis of the SEM images from the EBL process allowed for optimisation of the exposure 
dose to successfully manufacture the Cr-on-Si masters. The masters were used in the soft 
lithography process to emboss thin layers of PDMS through replica moulding, and the 
micropattemed PDMS castings were subsequently analysed with AFM. The resulting dimensions 
of the micropattemed PDMS were suitable for confining single cells in linear growth channels 
and would constitute part of ‘set up 1 ’ and ‘set-up 3’ microfluidic device designs.
The PDMS and glass flow cell was manufactured using photolithography and soft lithography 
processes for manufacturing the SU-8 master, and to cast and cure the PDMS flow cell by replica 
moulding. The PDMS layer was sealed to the glass and the fused silica capillaries using oxygen 
plasma and araldite. This was comparatively a straightforward process, as it has been widely 
used in literature. Nevertheless, the process required some level of fine-tuning and modification.
Set-up 1 microfluidic devices consisted of a PDMS and glass flow cell with large PDMS flow 
channels (128 pm wide) directly sealed to the thin micropattemed layer of PDMS on top of a
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glass coverslip, and bacteria would be directly seeded into the large PDMS flow channels. This 
design did not require the use of a mechanical clamp, as oxygen plasma bonding could be used to 
seal the device.
Set-up 2 microfluidic devices consisted of a PDMS and glass flow cell with PDMS flow 
channels in a branched tree design, directly sealed to a glass coverslip. The bacteria would be 
directly seeded into the flow channels. Similarly, this device did not require the use of a 
mechanical clamp and the device could be sealed using oxygen plasma bonding.
Set-up 3 microfluidic devices were developed for long term time-lapse studies, and consisted of 
a PDMS and glass flow cell (the same type which was used in set-up 1), a thin micropattemed 
layer of PDMS (casted from the Cr-on-Si masters), a cellulose dialysis membrane, a PDMS flow 
cell, and a mechanical clamp.
The final device design, set-up 4, consisted of a PDMS and glass flow cell (the same type which 
was used in set-up 1 and set-up 3), a cellulose dialysis membrane and an alginate hydrogel 
matrix in which the cells would be seeded. The alginate was incorporated as it was simple to 
prepare compared to the soft lithography method of casting a pattemed thin layer of PDMS. A 
mechanical clamp was used to seal the device.
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5 Time-lapse studies with microfluidic devices
5.1 Introduction
In this chapter the single cell growth dynamics of M. smegmatis expressing GFP is investigated 
through time-lapse microscopy using microfluidic devices. The suitability of using the different 
set-ups of microfluidic devices for single cell studies was investigated. The fluorescence time- 
lapse microscopy was performed with a Zeiss LSM 510 confocal microscope and the division 
and growth of the bacteria was monitored in real time. The bacteria received a constant source of 
nutrients via perfusion of media through the device at a constant rate with a syringe pump, and 
the cell division was unperturbed for the duration of the experiment.
The aim of these experiments was to investigate a suitable platform for observing single cell 
divisions of M smegmatis in real time by testing the different microfluidic set-ups, investigate 
the susceptibility of single cells of M smegmatis to the antibiotic rifampicin, and detect possible 
persister cells through the application and removal of the antibiotic. The resulting death was 
observed in real-time, through the uptake of PI, which was added to the antibiotic solution.
The results are displayed as time-lapse images, as well as time-lapse movies (Supplemental 
material on CD-Rom) and are described in this chapter.
5.2 Results
5.2.1 Initial time-lapse studies with set-up 1 microfluidic device
This device did not need the use of a mechanical clamp as the PDMS channels were sealed 
irreversibly by oxygen plasma bonding to a pattemed PDMS coated glass coverslip. M 
smegmatis cells expressing GFP (mc^l55 pGFP) were directly inoculated into the PDMS flow 
channels through the inlet of the device via a syringe loaded with cell suspension. The
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microfluidic device was subsequently put on a heated stage on a confocal laser microscope and 
connected to a syringe pump via PTFE tubing for constant supply of nutrient media. Although, 
the bacteria can be seen multiplying throughout time in the image series (displayed by the 
increase in the overall number of bacteria), during the application of fluid flow, the bacteria can 
be seen moving down through the channel. This is because they were not immobilised, and so 
were able to move freely within the space of the flow channels, (Figure 5.1).
The pattemed PDMS floor did not seem to contribute to the trapping of cells during fluid flow. 
Furthermore, as the flow channels have a depth of 100 pm, the bacteria can also move into and 
out of the focal plane of the microscope, thus seemingly appearing out of nowhere. Using this 
set-up numerous (-10) time-lapse studies were attempted using set-up 1, and because of the 
above mentioned issues it became apparent that device was not suitable for trapping and 
investigating single cell growth dynamics of mycobacteria.
Initially, studies were also attempted with set-up 2; the branched microfluidic design with 8 pm 
channels (15 pm depth). However, prior to performing time-lapse studies it became apparent that 
this device was unsuitable; when trying to seed the bacterial suspension directly into the flow 
channels, the channels became blocked, and no fluid could drain from the outlet of the device. 
As a result, set-up 2 was not included in the subsequent time-lapse studies.
The following image sequence shows the time-lapse images of a time-lapse study with set-up 1, 
where the bacteria were seeded directly into the large flow channels (128 pm x 100 pm).
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Figure 5.1. Time-lapse image sequence of M. smegmatis (mc^l55 pGFP) cells in set-up 1 microfluidic device, 
during growth in the large flow channels. The bacteria can be seen multiplying over time in the image series 
(displayed by the increase in the overall number of bacteria), however, because they are not immobilised, they are 
able to move freely within a three-dimensional space in the channel and as a result are affected by the fluid flow. 
This is clearly visible in the time-lapse movie (Supplemental material. Movie 1) and the bacteria can be seen moving 
down through the channel with the direction o f the fluid flow.
A further example of using a microfluidic device of set-up 1 in time-lapse studies is 
demonstrated in Movie 1.1 (Supplemental material). In this study a 64 pm x 100 pm 
microfluidic device was used with a pattemed PDMS floor (from Blu-ray CD masters: Figure
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4.13). Again, because the bacteria are not immobilised, the bacteria can be seen moving down 
through the channel in the direction of fluid flow.
5.2.2 Time-lapse studies with set-up 3 microfluidic device
In this set-up mc^l55 pGFP cells were deposited on top of a thin pattemed layer of PDMS, a 
cellulose dialysis membrane was placed on top to shield the cells from the direct fluid flow of the 
PDMS flow cell. A mechanical clamp was used to seal the device. Because the cells were 
sandwiched directly between the thin layer of PDMS and the dialysis membrane, they were 
confined to two dimensional growth and division.
The following time-lapse image sequence (Figure 5.2) show the growth and division of M 
smegmatis cells expressing GFP within a device comprising a thin layer of PDMS on a glass 
cover slip which had been embossed with pattems from the Cr-on-Si master developed in the 
EBL process (Chapter 4, Figure 4.10), a cellulose dialysis membrane and large PDMS flow 
channels. The cells were sandwiched directly between the thin layer of PDMS and the dialysis 
membrane, and confined to two dimensional growth and division. It can be seen that the system 
was stable over a period of at least 8 h and the movements of the cells were constricted such that 
the division and growth of single and/or small colonies of cells can be followed. This type of 
device is much more suitable for time-lapse studies with mycobacteria than the device described 
in the previous section. Because the cells were mechanically constrained horizontally, their 
growth and division could be followed and traced within the device.
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Figure 5.2. Time-lapse image sequence of M  smegmatis (me 155 pGFP) cells in set-up 3 microflu die device.
The growth and division of cells is clearly visible from the images and the time-lapse movie (Supplemental material: 
Movie 2). Although the PDMS is pattemed with microgrooves in the form o f thin lines, the bacteria were not 
confined to the lines and were randomly distributed on the PDMS surface. Furthermore, mycobacteria have a 
tendency to clump together due to their lipid rich cell walls, and can be seen in the image sequence as well as in the 
resulting movie.
Using set-up 3, several studies were attempted (-10 studies), of which approximately 10% were 
successful, meaning a continuous time-lapse movie was obtained that lasted for a period of at 
least 6 h. In experiments where the time-lapse studies were unsuccessful, this was primarily due 
to issues with the confocal laser microscope. After the device was placed on the heated stage and 
connected to the PTFE tubes for supply of nutrients, it was left for approximately 30 min before 
the start of the time-lapse imaging in order to stabilise. Despite this, axial or focal drift of the
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microscope would cause the image to go out of focus after a certain time. As a result, the 
imaging process would have to be restarted, at which point either ‘too much time’ had passed 
(cells were no longer ‘single cells’ but rather had grown into small colonies) or too little time 
remained in order to get a suitable movie.
5.2.3 Time-lapse studies with set-up 4 microfluidic device
The following set-up was similar to set-up 3, except it involved the application of a thin alginate 
hydrogel matrix in which the mc^l55 pGFP cells were embedded, instead of the thin pattemed 
layer of PDMS. Alginate hydrogels are well established biocompatible materials (Alexander et 
al., 2006), and nutrients, gases and by-products can diffuse through the polymer network (Weibel 
et al., 2007). This method of trapping single cells of mycobacteria within the microfluidic device 
for long-term fluorescence imaging was chosen because of the relative ease with which each new 
sample could be prepared.
The following set-up involved the application of a thin alginate hydrogel matrix in which the 
cells were embedded, instead of the thin pattemed layer of PDMS. Alginate hydrogels are well 
established biocompatible materials (Alexander et al., 2006), and nutrients, gases and by­
products can diffuse through the polymer network (Weibel et al., 2007). This method of trapping 
single cells of mycobacteria within the microfluidic device for long-term fluorescence imaging 
was chosen because of the relative ease with which each new sample could be prepared, 
compared to the soft-lithography process of casting, curing, peeling, and cutting of the PDMS 
layer. The cross-linking process of the hydrogel matrix with Ca^  ^solution took approximately 15 
minutes.
Using set-up 4, numerous studies were attempted (-10 studies) and out of those approximately 
20% were successful, meaning a continuous time-lapse movie was obtained that lasted for a 
period of at least 6 h. Again, in experiments where the time-lapse studies were unsuccessful, this 
was due to issues with the focal drift of the confocal laser microscope.
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In the time-lapse image sequence it can be seen that the system was stable over a period of at 
least 12 h, and the movements of the cells were constricted such that the division and growth of 
single and/or small colonies of cells can be followed (Figure 5.3). Furthermore, this set-up was 
able to support the application of rifampicin in order to test antibiotic susceptibility of the cells, 
and search for antibiotic tolerant (possible persisters) cells. The time-lapse images are displayed 
at 60 h intervals, although the images for the original movie (Supplemental material. Movie 3) 
were collected every 15 minutes. After an initial period of approximately 90 minutes, the system 
becomes stabilised (no apparent large movement of cells), and the growth and division of cells is 
clearly observed.
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Figure 5.3. Time-lapse image sequence of M. smegmatis (me 155 pGFP) cells in set-up 4 microfluidic device, 
showing growth and division of the cells. It can be seen that the system was stable over a period o f at least 12 h, 
and the movements of the cells were constricted such that the division and growth of single and/or small colonies of 
cells can be followed. After an initial period of approximately 90 min, the system becomes stabilised (no apparent 
large movement of cells), and the growth and division o f cells is clearly observed.
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Preliminary studies were conducted on culturing late stationary phase cells (ODeoo = 1.8 ) in the 
microfluidic device, in order to test whether late stationary phase cells display altered 
morphology and different growth rate in the device compared to log phase cells. The results are 
displayed in Movie 3.1 and Movie 3.2 (Supplemental material). Again, because of focal drift, the 
microcolonies of bacteria are out of focus and single cells cannot be clearly distinguished. 
Interestingly, at the beginning of the time-lapse movies there seems to be an initial delay (~7 h in 
Movie 3.2) before growth and division starts, however further conclusive studies need to be 
made and this area remains open to further investigation.
5.2.4 Application of antibiotic
The microfluidic system described above was also able to support the application and removal of 
the antibiotic rifampicin (RIF). The uptake of PI, which was added to the rifampicin solution, 
was indicated by the strong red fluorescence (emission 620 nm). Figure 5.4 below displays the 
image sequence of a time-lapse experiment where a microcolony of M smegmatis cells started 
receiving the antibiotic rifampicin at time 0 min. The images are displayed at 60 min intervals, 
displaying a total of 11 out of 13 h, (the movie acquisition was done at 15 min intervals. Movie 
4). The initial slow death is displayed, and is demonstrated by the slow uptake of the PI. In the 
movies, it is clearly seen that cells were in an arrested state of growth immediately following the 
application of the antibiotic (0 min). After a delay of several hours (-240 min) the uptake of PI 
can be observed, fi*om the outer regions of the microcolony, travelling slowly toward the centre 
of the colony (-300-360 min).
It can be seen that at the end of the experiment virtually all cells were positively stained with PI. 
A “speck” of green, possibly a GFP positive cell, is observed in this image, which could be a 
persister cell. However, in order to accurately determine this, the cell history needs to be 
determined, and the subsequent antibiotic removal and re-growth of cells needs to be 
investigated.
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Figure 5.4. Time-lapse image sequence of M. smegmatis (mc^l55 pGFP) cells in set-up 4 microfluidic device, 
during application of the antibiotic rifampicin. This set-up was able to support the application of rifampicin (RIF) 
supplemented with PI to test antibiotic susceptibility o f the cells, and search for antibiotic tolerant (possible 
persisters) cells. A “speck” of green observed at the end of the time-lapse sequence, could be a persister cell. 
However, to accurately determine this, the cell history needs to be determined, and the subsequent antibiotic 
removal and re-growth of cells needs to be investigated.
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Several studies were attempted were M smegmatis (mc^l55 pGFP) cells were exposed to 
rifampicin (5 studies) and out of those approximately 30% were successful, where a continuous 
time-lapse movie was obtained that lasted for a period of at least 6 h. Again, in experiments 
where the time-lapse studies were unsuccessful, this was due to focal drift of the confocal laser 
microscope.
5.2.5 Removal of antibiotic
In order to test for the presence of antibiotic tolerant cells, potential persister cells, it is important 
to wash out the antibiotic with fresh nutrient media. In the movie, (Supplemental material. 
Movie 5), and in Figure 5.5 below, the cells have been previously exposed to the antibiotic 
rifampicin for 12 h prior to re-applying 7H9 media. At the start of the experiment, some cells 
displayed green fluorescence and were thus assumed to be viable. By washing out the antibiotic 
solution from the device with fresh 7H9 media, it was postulated that these cells would resume 
growth after a period of 2-6 h. However, contrary to initial expectations, none of the cells 
resumed growth and after several hours the cells displayed red fluorescence due to the uptake of 
PI, which indicated that the cells were non-viable. This signifies some residue PI within the 
device after the media switch, which was able to bind to the DNA of the membrane 
compromised cells.
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Figure 5.5. Time-lapse image sequence of M. smegmatis (me 155 pGFP) cells in set-up 4 microfluidic device, 
which were previously treated with rifampicin and started receiving 7H9 media at time = 0 min. Although the 
device is no longer supplied with the antibiotic, no cells resumed growth. At the end of the experiment, virtually all 
cells displayed red fluorescence indicating uptake of PI.
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5.2.6 Identification of non-growing cells
The image sequence from another time-lapse study investigating the growth of M smegmatis 
cells is displayed in Figure 5.6. Again, the cells are immobilised within a single focal plane in the 
microfluidic device for the duration of the experiment (15 h), and can be seen dividing 
approximately every 200-300 min. Similarly, from initial observations of the image sequence 
and the movie (Supplemental material. Movie 6), the cell growth is assumed to be logarithmic. 
Interestingly, in the image sequence, two single cells stand out as apparently non-dividing and 
have been marked with arrows. This is better observed in the time-lapse movie. The non-dividing 
cells are surrounded by “normally” growing cells.
In order ascertain whether these non-growing cells were in fact persisters, several conditions had 
to be satisfied. Firstly, several cell divisions need to be recorded before applying the antibiotic to 
test the antibiotic susceptibility of those cells. Secondly, the antibiotic has to be flushed out of 
the system by re-applying nutrient media in order to re-grow potential persister cells. Again, after 
several cell divisions the antibiotic susceptibility of the daughter cells requires testing in order to 
determine whether those cells are just as susceptible to the antibiotic as the original population, 
which is a further requirement in order to establish an antibiotic tolerant cell as a persister. As a 
result, the entire system needs to be unperturbed for the duration of the experiment; the 
microfluidic system needs to be stable and no axial drift of the microscope should occur for a 
period of at least 3 days for M smegmatis. This is calculated as the time required to culture the 
original population (6-12 h), the time required to test antibiotic susceptibility (-12 h), the time 
required to re-grow potential persister cells (-12-24 h, depending on whether there exists a lag 
period in order to sufficiently flush out the antibiotic and grow the cells), and the time required to 
test antibiotic susceptibility of the daughter cells of the persister cells (-12 h). This entire process 
would require continuous time-lapse imaging, and therefore a stable microscope system is 
essential in order to minimise perturbations such as focal drift, which was an issue in this current 
study. Furthermore, in order to be able to observe rare events such as bacterial persistence, the 
time-lapse studies need to be performed on a microscope with a computer controllable stage to 
scan multiple fields of view in a single experiment. This is essential in order to be able to 
observe this rare phenomenon and record statistically relevant data.
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Figure 5.6. Time-lapse image sequence of M. smegmatis (me 155 pGFP) ceils in set-up 4 microfluidic device, 
during growth. The arrows in the images refer to non-replicating possible persister cells in the population.
110
Time-lapse studies with microfluidic devices
Staining with SYTO 13
SYTO 13 is a membrane permeable nucleic acid stain dye that exhibits bright green fluorescence 
upon binding with nucleic acids. This dye was used to stain non-GFP expressing M. smegmatis 
cells within the device, in order to investigate diffusion rates of the cellulose membrane and 
hydrogel matrix. The device had to be incubated with the dye for at least 30 min in order to stain. 
Staining with SYTO 13 reveals uptake within 30 min after application of the dye by the bacteria 
(Figure 5.7).
SYTO 13
Figure 5.7. SYTO 13 staining of M. smegmatis (me 155) before SYTO 13 staining (A) and approximately 30 
min after (B) exposure to the dye. The staining was done using a set-up 4 microfluidic device, and using a fluid 
flow o f 2 pl/min. The dead volumes inside the PTFE connecting tubes were removed prior to the start o f the 
experiment.
5.3 Discussion
The time-lapse studies from the set-up 1 microfluidic devices (Figure 5.1; Movie 1; Movie 1.1), 
where M smegmatis (mc^l55 pGFP) cells were directly seeded into the large PDMS flow 
channels, display how cells were affected substantially by the direction of flow. Because the
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bacteria were not immobilised, they were able to move freely within a three-dimensional space 
in flow channels filled with nutrient media, and move in the direction of fluid flow (Figure 5.8).
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Figure 5.8. Cross-sectional drawings of the set-up 1 microfluidic devices in which M. smegmatis cells are 
inoculated directly into the flow channels In theory the grooves or microchannels o f the thin layer o f the PDMS 
would trap single cells o f M. smegmatis during fluid flow and promote division of the cells down the length of the 
channels (A). However, in reality, as demonstrated by the time-lapse studies, M  smegmatis cells move in the 
direction of the flow and are not confined to the grooves (B). As a result, this set-up is not appropriate for time-lapse 
studies where the fate o f the same cells or group of cells must be followed.
The drawbacks of using this microfluidic system in timc-lapsc experiments for single cell 
analysis are clearly demonstrated, as single cells cannot be imaged over time if they disappear 
from the field of view of the microscope. Furthermore, the depth of the channels (-100 pm) 
would result in numerous cells being stacked on top of one another, making single cell analysis 
within this system extremely difficult. A further drawback of the system is that the devices 
cannot be reused without proper disinfection and treatment with solvents before and during the 
time-lapse study to prevent cell adhesion (Lee et al., 2003, Wang et al., 2010), and the devices 
were usually discarded after single use.
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In set-up 3, cells were deposited on top of a thin layer of patterned PDMS with linear grooves, a 
cellulose dialysis membrane and PDMS flow cell was placed on top and a mechanical clamp was 
used to seal the device. As a result, the cells were confined to two dimensional growth and 
division (Figure 5.2). However, the trials were unsuccessful in their attempt to confine the cells 
to the grooves. Nevertheless, the cells were sandwiched directly between the thin layer of 
PDMS and the dialysis membrane, and confined to two dimensional growth and division.
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Figure 5.9. Cross-sectional drawings of the set-up 3 microfluidic devices in which M. smegmatis cells 
deposited onto a thin patterned layer of PDMS and separated from direct fluid flow by a cellulose dialysis 
membrane. In theory a single cells o f M. smegmatis would be trapped in each microchannel the channels would 
promote linear growth of the cells down the length o f the channels (A). However, in reality, as demonstrated by the 
time-lapse studies, although M. smegmatis cells are restricted to two-dimensional growth, they are randomly 
distributed on the PDMS layer (B).
The cells were randomly distributed on the PDMS surface, and grew and divided in the form of 
“V-shapes” (Movie 3, Movie 6). This phenomenon has been observed in a previous study by 
Thanky et al., in which the growth and division of mycobacteria was studied with agar pads 
(Thanky et al., 2007). Mycobacteria, including M smegmatis, were found to divide through a 
“snapping model” forming V-shapes. When cells were stained with Van-Fl to localise nascent
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peptidoglycan synthesis, the staining was observed at the tips and septa of the bacteria. The 
authors suggested that mycobacteria grow from the ends of the cell, and not along the length of 
the cell as is observed with other well-characterised rod-shaped bacteria such as E. coli (Thanky 
et al., 2007). This behaviour could explain why the bacteria were not confined to the grooves in 
this present study, even when the bacteria were horizontally confined to a single focal plane by 
mechanically clamping the device (Figure 5.9). The characteristic V-shaped growth and division 
of M smegmatis expressing GFP was clearly shown in the movies of this study (Movie 3, Movie 
6).
In a similar microfluidic system (Charvin et al., 2008), yeast cells were confined between a thin 
layer of (unpattemed) PDMS that was deposited on a glass coverslip and a cellulose membrane. 
Charvin et al were able to observe and track growth of the yeast cells over 8 generations and 
reasoned that patterning of PDMS is unnecessary for observing and tracking growth. However, 
as was demonstrated by Balaban et al (2004), the linear growth of E. coli provided a useful 
method of rapidly identifying persister cells as well as accurately pin-pointing cell genealogy 
(Balaban et al., 2004). Without a linear system, a tracking algorithm needed to be developed in 
order to accurately analyse and track cell lineages and growth rates, otherwise analysis of the 
data would have been subjective.
Time-lapse trials with set-up 3 demonstrated that the system was stable over a period of at least 8 
h and the movements of the cells were constricted such that the division and growth of single 
and/or small colonies of cells can be followed. This type of device is more suitable for time-lapse 
studies with bacteria than the device described in the previous section. Because the cells were 
mechanically constrained horizontally, the growth and division of the cells within the device 
could be followed. However, the process of depositing a thin enough PDMS casting of a 
patterned Cr-on-Si master in order not interfere with the working range of the microscope 
objective (0.1 mm), combined with cutting, peeling and oxidising of the PDMS layer, was found 
cumbersome and error prone.
In set-up 4, M. smegmatis (mc^l55 pGFP) cells were immobilised within an alginate matrix, 
which allowed the exchange of nutrients through the system, and simultaneously insulated the
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cells from the direct flow of the chambers. The cells were also kept in single focal plane. This 
set-up formed the final device design, and was used for all subsequent time-lapse studies. The 
device was also able to support the application and removal of the antibiotic rifampicin.
From initial observations of the time-lapse movies from set-up 4 microfluidic devices (Movie 3, 
Movie 6) the growth inside the microfluidic device is assumed to be exponential, as each cell 
divides and forms a daughter cell and each daughter cell divides to form another daughter cell, 
while the original “mother” cells continue to divide at the same apparent rate as the daughter 
cells (this observation is supported by a recent study by Wang and co-workers who developed a 
microfluidic device for the tracking of “mother” cells (Wang et al., 2010). The doubling time of 
200-300 min of M smegmatis (mc^l55 pGFP) (as observed in Movies 3 and 6) is in agreement 
with the reported 4 h doubling time for M smegmatis mc^l55 in literature (Malik et ah, 2005). 
Time-lapse microscopy allows the observation of phenotypic heterogeneity within a genetically 
homogenous population of cells (as was observed in Movie 6), where some of non-dividing cells 
were observed, scattered within a population of “normally” growing cells. Furthermore, their 
presence also did not seem to mediate dormancy in surrounding cells. It would be interesting to 
be able to investigate their antibiotic susceptibility, however one of the drawbacks of the time- 
lapse studies was focal drift, which is apparent in the time-lapse video, (Movie 6) and limited the 
scope of the experiments. More often than not, long-term data acquisition was not possible 
precisely due to this problem.
In the antibiotic susceptibility experiment, cell death was observed in real time through the 
uptake of PI (Figure 5.4), which was added to the antibiotic solution, and was indicated by the 
strong red fluorescence (emission 620 nm). PI is a negatively charged nucleic acid dye that is 
effectively excluded by the membranes of living cells and binds to the DNA of membrane 
compromised cells, by intercalating between the bases; once bound its fluorescence is 
significantly enhanced. The delay in uptake of PI (initiating approximately 4 h after the 
application of the antibiotic) is in accordance with literature which has reported slow uptake of 
rifampicin by M smegmatis mc^l55, even at very high concentrations, possibly as a result of a 
drug efflux pump expressed by wild-type mycobacteria at low levels (Piddock et al., 2000). 
Furthermore, the presence of porins in mycobacteria, water-filled channel proteins that form
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hydrophilic permeation pathways, are few compared to for example E. coli, and thus the cell wall 
of mycobacteria functions as an effective permeation barrier (Brennan and Nikaido, 1995, 
Engelhardt et al., 2002). The slow death of cells at the centre of microcolonies could be due to 
the slow diffusion of the dye and antibiotic through the colony of cells. The cells at the edges of 
the colony were more exposed to the antibiotic, compared to cells in the middle of the colony, 
and the resulting rate of cell death could therefore be higher.
Prior to the uptake of PI by the cells, the GFP fluorescence of the bacteria had significantly 
decreased (180-270 minutes after application of antibiotic and P.I solution) (Figure 5.4). This 
effect could be attributed to fluorescence quenching, demonstrated in (Figure 5.10).
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Figure 5.10. Diagram showing the spectral overlap for fluorescence resonance energy transfer system. In
FRET, energy is transferred nonradiatively between two dyes, a donor and an acceptor in a process. It is a dynamic 
quenching mechanism which occurs when the when two different chromophores (donor and acceptor) with 
overlapping emission/absorption spectra are separated by a suitable orientation and distance in the range o f 10-80 Â.
Energy can be transferred nonradiatively between two dyes, a donor and an acceptor in a process 
known as Forster resonance energy transfer (FRET) (Forster, 1948); a dynamic quenching 
mechanism which occurs when the when two different chromophores (donor and acceptor) with 
overlapping emission/absorption spectra are separated by a suitable orientation and distance in 
the range of 10-80 Â. It has implications in biology and FRET imaging microscopy is used to
116
Time-lapse studies with microfluidic devices
detect protein-protein interactions and protein conformational changes, for real-time in vivo 
imaging of dynamic molecular events to gain insight into physiological functions of a cell. In this 
case FRET is likely caused by the spectral overlap of the two dyes. The fluorescence emission 
peak of GFP is overlapped by the excitation peak of PI (Invitrogen™, 2010), and could result in 
a significant proportion of the energy from GFP being transferred to PI, creating a much larger 
PI excitation peak and thus quenching the GFP fluorescence of the bacteria. GFP-RFP (red 
fluorescent protein such as tdTomato) FRET pairs have previously been described, with GFP as 
a FRET-donor and RFP as FRET-acceptor (van der Krogt et al., 2008, Peter et al., 2005). The 
red fluorescent protein tdTomato , which was developed in the Tsien lab, has a fluorescent 
excitation peak of 554 nm (Shaner et al., 2004), which is relatively close to the excitation peak of 
PI, (535 nm) (Invitrogen'*’^ , 2006).
5.4 Conclusion
The single cell growth dynamics of M smegmatis (mc^l55 pGFP) was investigated through 
time-lapse microscopy using various microfluidic devices. Early time-lapse trials were 
conducted with set-up 1 devices, and the limitations of using this device design were made 
apparent; the same cells or group of cells could not be followed over time as the movement of 
the cells was not restricted.
Further time-lapse experiments were conducted using set-up 3, a multilayered device where the 
cells were deposited on a thin patterned layer of PDMS. A semi-permeable cellulose dialysis 
membrane and separated the cells from direct fluid flow of the PDMS flow channels on top, and 
a stainless steel mechanical clamp was used to seal the device. This device was more suitable for 
conducting time-lapse experiments, as cells were restricted to two-dimensional growth. Contrary 
to initial expectations, the cells were not confined to the linear grooves, rather they were 
randomly dispersed on the PDMS substrate. This is presumably because of the maimer in which 
mycobacteria grow; growth occurs firom the cell tips, resulting in ‘V-shaped’ growth or a 
‘snapping model’ of growth (Thanky et al., 2007), causing cells to possibly “jump out” of the 
PDMS microchannels.
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The majority of the time-lapse experiments, including the antibiotic susceptibility experiments, 
were conducted with set-up 4. This set up was similar to set-up 3, except the cells were 
embedded in a thin layer of hydrogel, rather than on a patterned layer PDMS. This set-up was 
chosen because of the relative ease with which each experiment could be prepared, and it did not 
necessitate the use of EBL and soft lithography for patterning the PDMS.
The susceptibility of single cells of M smegmatis to the antibiotic rifampicin was also 
investigated. In these experiments the nutrient media was removed after several cell divisions 
(~12 h) and the device was loaded with media containing rifampicin. Death was observed in real­
time through the uptake of PI, which was added to the antibiotic solution. After an initial delay 
of several hours (6-12 h) the uptake of PI occurred rapidly within the microcolony of the cells, 
and could be seen by the resulting intense red fluorescence; cells which displayed red 
fluorescence were classed as non-viable.
The results provided in this chapter indicate the suitability of using set-up 4 microfluidic devices 
for long-term time-lapse microscopy of slow growing bacteria such as mycobacteria. Currently, 
the culture of mycobacteria using microfluidics has been very limited with few studies reported 
(Makarov et al., 2009, Sala et al., 2010), and none have so far investigated bacterial persistence 
in mycobacteria using microfluidics. This represents the challenging nature of culturing these 
fastidious and slow-growing organisms within these devices. The use of fluorescence 
microscopy that incorporates an incubation chamber and a motorised stage, will much improve 
this kind of study, as it will minimise focal drift that was observed, and will enable numerous 
fields to be examined simultaneously during a single experiment. This will increase the 
possibility of observing rare phenomena such as persistence in a population of bacteria. In order 
to observe these persisters, the experiment must be able to clearly record the history of cells 
before, during, and after exposure to the antibiotic in several fields simultaneously. Thus, the use 
a motorised stage is vital, and its absence will only allow a demonstration of the mechanisms of 
growth and death of single cells within a microfluidic device. Nevertheless, the versatile set-up 
developed in this project is clearly suitable for the culture of mycobacteria over long time 
periods, and enables the exchange of nutrients and antibiotics within a single experiment.
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6 Investigating triggers of persistence using flow cytometry
6.1 Introduction
In this chapter, the effects of nutrient starvation and nutrient limitations as well as drug 
susceptibility of M smegmatis to rifampicin were investigated using flow cytometry. The aim of 
these studies was to investigate whether persister cells in a population can be identified using a 
quantitative method such as flow cytometry, which allows for high-throughput analysis of single 
cells in a population. Because of the limitations with the technical instruments in the time-lapse 
studies in chapter 5, in order to obtain quantitative data, flow cytometry experiments were 
designed for investigating potential triggers of persistence in populations of mycobacteria. The 
study utilised the transcriptional inhibitor antibiotic, rifampicin, which is known to have greater 
activity than other anti-mycobacterial drugs such as isoniazid against non-replicating latent 
bacilli and “persisters” (Rifat et al., 2009).
6.2 Results
Mycobacterium smegmatis constitutively expressing GFP, me^l55 pGFP, cultured in a variety of 
media (including 7H9 media, inorganic phosphate-limited media, spent or “conditioned” media, 
and PBS) were grown to logarithmic phase or stationary phase before harvesting and treatment 
with antibiotics. After a period incubated with the antibiotic rifampicin, ranging 1-7 days, the 
cells were washed three times in PBS, stained with PI, and analysed with flow cytometry through 
a process called flow activated cell sorting (FACS^^) to investigate bacterial viability, with the 
criteria being impermeability of the membrane of live cells to the dye. PI bears a double negative 
charge, and is generally believed to be membrane impermeant, such that it is excluded from all 
prokaryotic and eukaryotic cells with intact cytoplasmic membranes. Cells that take up PI and 
other multiply charged dyes are deemed nonviable (Müller and Nebe-von-Caron, 2010, Strauber 
and Müller, 2010). As already mentioned in chapter 2, PI contains a phenanthridinium ring that 
binds intercalatively to double stranded nucleic acids, yielding a 30-fold increase in red 
fluorescence when bound (emission 620 nm). The basis of the flow cytometry studies was to
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determine the percentage of the live and dead subpopulations from the whole cell population. 
The FACS™ gating process is described in section 6.2.1 below and demonstrated in Figure 6.1.
6.2.1 Flow cytometry gating operations
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Figure 6.1. Gating operations of the FACS'*’’'* process. Double-negative control; live M. smegmatis (mc^l55) cells 
not expressing GFP (A). GFP positive only control; live M smegmatis (mc^l55 pGFP) cells (B). A double-positive 
control; a population of M  smegmatis (mc^l55 pGFP) cells containing PI negative (viable) and PI positive (non­
viable) cells (C).
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The first step of the gating process is to distinguish cells fi*om potential debris and contaminants 
through the first gating operation, and this is done by selecting or gating the cells as Population 
P-1, represented by the square which had selected the population, (sequence i. Figure 6.1). 
Population P-1 can be further demonstrated in two-parameter histogram, which measures GFP 
and PI fiuoreseenee (‘GFP-A’ and ‘PE-A’ respectively, arbitrary units) of the cells. This is 
represented as four quadrant graph, comprising Ql, Q2, Q3, and Q4 (sequence ii).
Cells which fall into Q2 and Q4 quadrants are those which are GFP positive (positively shifi:ed 
along the GFP fluorescence axis). Q2 represents the double-positive population of cells, 
(positively shifted along both GFP and PI fluorescence axis). The Q4 quadrant represents cells 
that are GFP positive only (PI negative). Cells which fall into the Ql and Q3 quadrants 
correspond to the GFP negative populations, with the top right quadrant, Ql, representing cells 
that are PI positive only. Cells in the Q3 quadrant are double negative for GFP and PI.
In sequence (iii), all cells which were GFP positive, i.e. Q2 and Q4, were further selected or 
gated as Population P-2 (series iii). Population P-2 is then demonstrated in a one parameter 
histogram displaying PI positive and PI negative population (sequence iv). The PI positive 
population were composed of cells presumed to be dead due to their compromised cell 
membrane, whereas PI negative population comprise cells which are deemed viable.
In sequence A, the bacterial population comprises live GFP negative mc^l55 cells, (cells which 
were not exposed to the antibiotic rifampicin prior to being stained with PI). It can be noted that 
although the vast majority of the population lie within Q3, i.e. are PI negative, some lie within 
the Ql quadrant, indicating some staining with PI. This is expected, as in any bacterial 
population there is likely to exist a sub-population of non-viable cells. Sequence B comprises 
live mc^l55 pGFP cells. It can be seen that after the initial gating process, where Population P-1 
is gated, not all cells are GFP positive and there exists a sub-population of viable of cells which 
are double negative for GFP and PI (sequence Bii, Figure 6.1). Sequence C, encompasses a 
population mid-log mc^l55 pGFP cells which have been exposed to the antibiotic rifampicin for 
a period of 18 h prior to staining with PI. It can be seen that for Population P-1 the majority of 
cells are distributed in quadrants Q2 and Q4 of the two parameter histogram, corresponding to
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double positive cells and GFP positive only cells respectively. A sub-population of cells also 
exist in quadrants Ql and Q3, which represent a sub-population of GFP negative mc^l55 cells.
6.2.2 Effect of culture density on antibiotic tolerance
We next wanted to examine the population structure of M smegmatis (proportion of drug- 
sensitive and drug-tolerant cells) isolated at different stages of growth. The bacilli were cultured 
in 7H9 media and harvested at times ranging 6-72 h, washed and resuspended in 7H9 media 
containing rifampicin (350 pg/ml), for 12 h and up to 1 week. The bacteria were subsequently 
harvested, washed 3 times with PBS, stained with PI and analysed by FACS™ to identify the 
proportion of live and dead cells. A high proportion of viable (PI negative) cells remaining after 
antibiotic treatment would indicate presence of antibiotic tolerant cells.
The analysis from the flow cytometry experiments (Figure 6.2B) below clearly shows that M 
smegmatis in late stationary phase of growth, (ODeoo = 1.75), had a higher proportion of 
rifampicin tolerant cells (81% PI negative, ± 1.45%), (mean ± standard error [SE]), compared to 
log phase growing cells, (ODeoo = 0.1; 0.9; 1.1) (0.3%; 3.8%; 2.5% PI negative, ± 0.1%;
3.6%; 1.2% respectively). Simultaneous CFU studies (Figure 6.2A) demonstrate a step wise 
increase in the number of antibiotic tolerant cells from the low ODs, (ODeoo = 0.1-1.1), observed 
for log phase cells to the higher ODs, observed for stationary phase cells, (ODeoo = 1.1-1.75).
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Figure 6.2. Simultaneous CFU studies of M  smegmatis (mc^l55 pGFP), grown to different optical densities in 
7H9 media (A) and statistical representation of FACS^'^ data (B) from the same experiments. M smegmatis in 
late stationary phase of growth, (ODgoo = 1-75), has a higher proportion of rifampicin tolerant cells compared to log 
phase growing cells, (OD^ oo = 0.1; 0.9; 1.1). Simultaneous CFU studies demonstrate a step wise increase in the 
number of antibiotic tolerant cells from the low ODs, (ODgoo = 0.1-1.1), observed for log phase cells to the higher 
ODs, observed for stationary phase cells, (ODôoo = 1.1-1.75). Average values and standard deviations are shown 
from two independent experiments.
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Figure 6.3. FACS '^'  ^analysis of a typical experiment for M. smegmatis (mc^l55 pGFP) cultured to OD^oo = 0.1 
(A), ODfioo = 0.9 (B), ODfioo = 11  (C), and ODeoo = 175 (D), and exposed to 350 pg/ml rifampicin for 7 days.
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6.2.3 Antibiotic susceptibility of M  smegmatis treated in conditioned media
One possible explanation of the above findings is that the antibiotic tolerance could be generated 
by quorum-sensing mechanisms; the mechanisms become activated once bacteria reach a certain 
concentration due to the accumulation of quorum molecule in the culture supernatant. We next 
set out to test this possibility by transferring spent culture media (‘conditioned media’), 
containing the putative quorum molecule, between cells. The conditioned 7H9 media was taken 
from 3-5 day old M smegmatis (mc^l55 pGFP) culture (O D ôoo >1.5), which had been filter 
sterilised twice and stored at 4°C, 1-2 days prior to being used.
It had been previously established (Figure 6.2) that bacteria cultured to low ODs are highly 
susceptible to antibiotics. To test whether antibiotic tolerance could be induced with conditioned 
media from stationary phase culture the bacteria were cultured to early log phase (ODgoo = 0.2), 
harvested and then resuspended in 7H9 media supplemented with conditioned media at 
concentrations ranging 0-80%. The culture was then incubated in the conditioned media for 22 h 
and tested for antibiotic tolerance by transferring the cells to antibiotic containing nutrient media. 
This has been further demonstrated in the flowchart below (Figure 6.4). The cultures were 
analysed with FACS^^ and simultaneous CFU studies and the results are displayed in Figure 6.6.
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Figure 6.4. Flowchart of conditioned media experiments. The chart demonstrates the methodology o f the 
experiment (A), and difference in antibiotic susceptibility depending on the amount o f conditioned media present in 
the culture (B),
The first observation is that bacteria grown in higher concentrations of conditioned media did not 
grow to comparable high ODs as bacteria grown in firesh media (Figure 6.5). This is presumably 
because of the reduced availability of nutrients as well as potential toxins present in the 
conditioned media preventing bacteria from reaching densities typical in fresh media when 
nutrients are abundant. However, when the cultures of bacteria grown in conditioned media were 
tested for levels of antibiotic tolerance (Figure 6.6) it was found that persistence is activated in 
bacteria cultured in lower concentrations (0-40%) of conditioned media. The proportion of 
rifampicin tolerant cells was higher in cells cultured in 10% conditioned media (58.6% PI 
negative ± 2.9%) and 40 % conditioned media (18.0% PI negative ± 4.75%), compared to 80% 
conditioned media (3.35% PI negative ± 1.35%). This effect is clearly supported with 
simultaneous CFU studies.
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Figure 6.5. Growth curves o fM  smegmatis (mc^l55 pGFP), cultured in 0-80% conditioned media, and in 7H9 
media with 0.02% glycerol (control). The chart demonstrates a step-wise reduction in cell density (optical density) 
for bacteria cultured in increasing concentrations o f conditioned media. Bacteria cultured in 80% conditioned media, 
reached stationary phase at significantly lower optical densities (OD^oo = 0.8-0.9), compared to bacteria that were 
cultured in 0% conditioned media (ODgoo = 1.6-1.8). This can be attributed to reduced availability o f nutrients as 
well as potential toxins present in the conditioned media preventing bacteria from reaching densities typical in fresh 
media when nutrients are abundant. Average values and standard deviations are shown from two independent 
experiments.
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Figure 6.6. M. smegmatis (mc^lSS pGFP), grown to early log phase and resuspended in conditioned media at 
different concentrations. (A) CFU studies, and (B) statistical representation of the FACS™ data from the same 
experiments. Bacteria cultured in high concentrations of conditioned media (80%) did not reach as high optical 
densities as the same bacteria grown in fresh media. The proportion of rifampicin tolerant cells was higher in cells 
cultured in 10% conditioned media and 40 % conditioned media, compared to 80% conditioned media. Average 
values and standard deviations are shown from two independent experiments.
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Figure 6.7. FACS '^ *^ analysis of a typical experiment. M. smegmatis (mc^l55 pGFP) cells, grown to early log 
phase (OD6oo= 0-2) and resuspended in conditioned media, at 0% (A), 10% (B), 40% (C), and 80% (D).
The control experiment consisted of bacteria cultured in 7H9 media supplemented with 0.02% 
glycerol (1/10 of the normal amount of glycerol added to 7H9 media). It was found that the 
antibiotic susceptibility of cells cultured in the carbon-reduced 7H9 media was similar to that 
from the 80% conditioned media (8.85% PI negative ± 0.15%) (Figure 6.6); both were relatively 
antibiotic susceptible. This is presumably because bacteria cultured in high concentrations of 
conditioned media or in a carbon-limited environment did not reach high optical densities (ODeoo 
< 1.0), and as a result the cell density mediated stress response was not activated. This finding is 
similar to what was previously demonstrated (Figure 6.2).
The above results demonstrate that simply resuspending bacteria in spent media does not induce 
persistence, and persistence and antibiotic tolerance are likely to be dynamic processes that are 
induced as the bacteria reach a certain density in a population.
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6.2.4 PBS- starvation triggers antibiotic tolerance in M. smegmatis
Previous studies have demonstrated that phenotypic tolerance of mycobacteria to antibiotics can 
be triggered by nutrient starvation (Betts et ah, 2002). In this study, the antibiotic susceptibility 
of log phase M smegmatis cells that were subsequently starved in PBS, was investigated with 
flow cytometry. M smegmatis (mc^l55 pGFP) cells cultured to early log phase (ODeoo = 0.3) 
were harvested, and resuspended in PBS, and further incubated for 24 h. The bacteria were 
transferred to antibiotic containing medium (350 pg/ml rifampicin) and incubated for 24 h and 
analysed with FACS™ and CFU studies.
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Figure 6.8. Statistical representation of data provided by CFU studies (A) and FACS™ analysis (B) for M. 
smegmatis (mc^l55 pGFP) before and after antibiotic exposure. The data displays live and dead population of 
log phase culture which had been treated with antibiotics for 1 day (control), or starved in PBS for 1 day prior to 
antibiotic exposure (PBS starved). Average values and standard deviations are shown from two independent 
experiments.
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Figure 6.9. FACS^’'* analysis displaying live and dead sub-population of typical log phase M. smegmatis 
(mc^l55 pGFP) culture which had been treated with antibiotics for 1 day (A), and log phase M. smegmatis 
(mc^l55 pGFP) culture that had been starved in PBS for 1 day prior to antibiotic exposure (B).
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The results from the FACS™ experiments (Figure 6.8) clearly demonstrate antibiotic tolerance 
in 24 h PBS-starved log phase cultures (87.5% PI negative ± 3.45%), compared to the control, 
which comprised log phase cultures that were directly transferred to antibiotic containing media 
(13.7% PI negative ± 2.3%). As expected, the FACS™ data demonstrate that the growing log 
phase cultures are susceptible to rifampicin. Simultaneous CFU counts confirm this with a 
marked reduction in number of CFUs (4.4 orders of magnitude) after antibiotic exposure for the 
control, compared to the nutrient starved cultures, which were highly tolerant to rifampicin, with 
only a 0.2 orders of magnitude drop in CFU counts.
6.2.5 Transfer of stationary phase cells to fresh medium
In this study the mechanisms of stationary phase cells were investigated as they resume growth 
in fresh media. The stationary phase cells were tested for antibiotic susceptibility prior to being 
diluted into fresh media and were shown to be antibiotic tolerant (94.0% PI negative ± 1.1%). 
The antibiotic susceptibility was again tested 18 h after transfer to fresh medium, at which point 
the cells existed at mid-log phase of growth (OD^ oo = 0.5). It was found that upon diluting cells 
from stationary-phase culture into fresh medium, the bulk of the population became sensitive to 
the antibiotic (12.3% PI negative ± 0.85%). Thus it is suggested that upon dilution into fresh 
media, the bulk of the original stationary phase population resumed growth and as a result 
became sensitive to the antibiotic (Figure 6.10).
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Figure 6.10. The transfer of M. smegmatis (mc^l55 pGFP) stationary phase, rifampicin tolerant, cells to fresh 
nutrient media renders the cells sensitive to rifampicin. CFU studies for cells before and after antibiotic exposure 
(A), and statistical representation of data provided by FACS™ analysis (B). Average values and standard deviations 
are shown from two independent experiments.
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Figure 6.11. FACS^^ analysis of a typical experiment, where the transfer of M. smegmatis (me 155 pGFP) 
stationary phase cells to fresh nutrient media renders the cells sensitive to rifampicin (A ), compared to 
stationary phase cells which are rifampicin tolerant (B).
As expected the above flow cytometry results (Figure 6.1 OB, Figure 6.11) clearly demonstrate 
that the stationary phase culture (ODeoo = 1.60) was more tolerant to rifampicin, whereas bacteria 
which were transferred to fresh media and cultured to mid-log phase of growth, retained 
susceptibility to the antibiotic. The CFU counts confirm these findings with 3.5 orders of 
magnitude reduction for the log phase culture before and after the application of antibiotic, 
compared the stationary phase culture, which was highly tolerant to rifampicin, with only a 1.2 
orders of magnitude drop in CFU counts.
The stationary phase cultures were screened for antibiotic resistant mutants, by plating the 
bacteria on 7H9 agar containing rifampicin at concentrations, 40-200 pg/ml rifampicin, (1-5 x 
MIC of rifampicin for M smegmatis mc^l55). The results show no significant increase in CFU 
capacity and found no rifampicin resistant colonies at drug concentrations above l^MIC (Figure 
6.12). It is therefore postulated that the rate of cell death depends on the initial growth phase of 
the cells, as well as the time necessary for the stationary phase cell to resume growth and become 
susceptible to the antibiotic.
130
Investigating triggers ofpersistence using flow cytometry
7H9 agar with rifampicin % Resistant
(Ufl/ml) I  bacteria
0 1 N/A
1 40 j 3.04
100 ! 0
1 200 1 0
40 100
Rifam picin (pg/ml)
200
Figure 6.12. A stationary phase culture of M. smegmatis (mc^l55 pGFP) which demonstrated antibiotic 
tolerance in FACS^''* studies was screened for rifampicin resistant mutants. Decimal dilutions of the culture 
were plated on 7H9 agar containing the antibiotic at different concentrations (0-200 pg/ml). The MIC o f mc^l55 
pGFP for rifampicin had been previously determined to be 35 pg/ml (Figure 3.8). No rifampicin resistant colonies 
were found at drug concentrations above 40 pg/ml, (-IxM IC). Average values and standard deviations are shown 
from two independent experiments.
6.2.6 Inorganic phosphate limitation in vitro restricts M. smegmatis growth
In order to determine whether growth of M. smegmatis is dependent upon the presence of 
sufficient inorganic phosphate (Pi) in the growth medium, the growth of the bacteria in 7H9 
medium and Roisin’s C-limited, phosphate sufficient (37 mM Pi,) medium was compared to 
Roisin’s Pi- limited media (1.5 mM Pi) (Figure 6.13A). The growth curve demonstrates that M 
smegmatis grows normally for the first 10 h of Pi -limitation, which could be attributed to the 
intracellular Pi stores, but thereafter the growth is reduced significantly relative to bacilli cultured 
in Pi-rich broth. It is likely that cells enter the stationary phase of growth at lower ODs (ODôoo = 
0.8) in Pi- limited media. These results correlate well with those by Rifat et al. (Rifat et al., 
2009), who investigated growth and antibiotic susceptibility of M. tuberculosis cultured in Pi - 
limited media through CFU studies.
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Figure 6.13. The growth curves of cells cultured in different nutrient media (A) and the effect of optical 
density on antibiotic tolerance of M. smegmatis (mc^l55 pGFP) cells cultured in different media (B). Average 
values and standard deviations are shown from two independent experiments. (The lines drawn between the data 
points in the diagram are provided simply as a guide to the eye.)
In Figure 6.13B, the antibiotic tolerance of M. smegmatis cells cultured in 7H9 medium, Roisin’s 
C-limited, and Roisin’s Pi- limited media was investigated at different optical densities. The 
cultures were harvested and exposed to 350 pg/ml rifampicin for 48 h prior to PI staining and 
FACS™ analysis. The results indicate that cells cultured in Roisin’s P,- limited media to low 
optical density (ODeoo = 0.05, ODeoo = 0.16) are significantly antibiotic tolerant compared to 
cells cultured to similar ODs in Pi- sufficient media.
In the mid-log phase and stationary phase of growth, data is lacking for cell cultured in P i-  
limited media. Cells cultured in Roisin’s Pi- limited media, to ODeoo > 0.5, seemingly lost GFP 
fluorescence and as a result, direct comparisons could not be made; preliminary data shows that 
for M. smegmatis cells (mc^l55 pGFP), cultured to OD^ oo = 1.1, the total PI negative population, 
Q3 + Q4, constitutes approximately 5% of the total population P-1 (Figure 6.14).
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Figure 6.14. The FACS^'^ gating process for M. smegmatis (mc^l55 pGFP) cells, cultured in Pj-limited media
for 48 h to ODgoo = 1 1 . Cells are distinguished from debris as Population, P-1 (A). P-1 is represented as a two- 
parameter histogram, where Ql and Q2 represent the PI positive population, and Q2 and Q4 consist o f the GFP 
positive population (B). The majority o f cells are not GFP positive; Population P-2 comprises very few cells (C). 
One parameter histogram of P-2, displaying the PI negative and PI positive population (D). The entire data or 
(events) for the FACS™ experiment (E).
6.2.7 Pi-starved bacilli are less susceptible to rifampicin at low cell densities
Consistent with the hypothesis that ?i starved bacilli are in a non-replicating or dormant state, 
bacilli which had been cultured in Pi-limited media were more resistant to the action of the 
antibiotic rifampicin, compared to bacteria cultured in 7H9 media or Roisin’s media (both ?i - 
sufficient) prior to antibiotic exposure (Figure 6.15). This was measured for early log phase 
bacteria, which are metabolically active compared to stationary phase bacteria and therefore 
more susceptible to the action of antibiotics. Both CFU studies (chart A) as well as the FACS^^  ^
studies (chart B) clearly demonstrate antibiotic tolerance in M smegmatis cultured in Pi-limited
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media compared to those cultured in 7H9 media and Roisin’s C-limited media (Pi-sufficient). 
The proportion of PI negative, and thus live cells in the FACS™ study of Pi-starved bacteria, is 
considerably higher (63.9% PI negative ± 1.25% at ODeoo = 0.06; 50.5% PI negative ± 0.05% at 
ODôoo = 0.16), whereas for bacteria cultured in Pi-sufficient environment is significantly lower; 
7H9: (0.5 % PI negative ± 0.1%; at ODeoo = 0.15%) Roisin’s C-limited: (8.1 % PI negative ± 
0.2% at OD600 ^ 0.15%).
The CFU studies, reinforce the above findings, and cells cultured in Pi-limited media and treated 
with the antibiotic at early log phase of growth had a significantly higher survival rate, (1.4 
orders of magnitude decrease in CFU numbers), whereas no CFUs were observed for bacteria 
after antibiotic exposure of cells, which were cultured to similar optical densities, in both 7H9 
media and Roisin’s C-limited media. Interestingly, it is also seen that bacteria grown in Pi- 
limited media do not reach high ODs (ODeoo < 1.0). This is in accordance with literature which 
has shown that M smegmatis cells cultured in phosphorus-starved conditions had a slow 
deceleration period into stationary phase and cell numbers increased at reduced rate compared to 
cells cultured in nutrient rich conditions (Smeulders et al., 1999). This suggests that Pi-starved 
bacteria are slow growing, which could infer antibiotic tolerance.
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Figure 6.15. Antibiotic susceptibility experiment for M. smegmatis (mc^l55 pGFP) cultures harvested before 
entering log phase in 7H9 media, C-limited media, and in Pj-limited media, and subsequently exposed to 350 
pg/ml rifampicin for 3 days prior to being stained with PI and analysed with FACS™. The graphs demonstrate 
CFU studies before and after antibiotic exposure (A), and statistical representation of data provided by FACS™  
analysis (B). Average values and standard deviations are shown from two independent experiments.
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Figure 6.16. FACS^^ analysis of a typical antibiotic susceptibility experiment for M. smegmatis (me 155 
pGFP) cultures grown to ODgoo = 0.10 in 7H9 media (A), ODgoo = 0.08 in Pj-sufficient, C-limited media (B), 
and, ODôoo = 0.15 in Pj-limited media (C), and subsequently exposed to 350 pg/ml rifampicin for 3 days prior 
to being stained with PI and analysed with FACS™.
6.3 Discussion
The underlying factors of M. tuberculosis persistence are unclear but can involve hostile 
conditions, such as antibiotic-related stress, hypoxia, nutrient limitation, and acidic pH, in the 
lung granulomas, which harbour the bacilli.
In this study, the effects of nutrient limitation and starvation on antibiotic resistance of M. 
smegmatis cells expressing GFP were investigated using flow cytometry as a high-throughput, 
quantitative technique. It enabled large numbers of cells to be analysed rapidly and allowed the 
population’s response to changes in environment to be monitored. The percentage of live and 
dead sub-populations of cells which had been cultured in different conditions before being
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subjected to antibiotics were rapidly analysed in real time. A high proportion of viable (GFP 
positive, PI negative) cells remaining after antibiotic treatment would indicate presence of 
antibiotic tolerant cells; potential persister cells. This method could be effectively applied to 
mycobacteria and other microbes and used to study how differences in antibiotic susceptibility 
correlate with other parameters such as cell density, levels of gene expression, growth rate, and 
culture media composition.
Increased stress resistance is a well established property of stationary phase bacteria (Llorens et 
al., 2010, Kolter et al., 1993, Siegele and Kolter, 1992). The stationary phase is explained as a 
stage where cell division in halted and is inferred from the fact that number of CPUs, culture 
density as well as cell numbers as measured by microscopy remain unchanged (Siegele and 
Kolter, 1992, Siegele et al., 1993, Kolter et al., 1993) for several days. Furthermore, the lack of 
available nutrients and accumulation of toxic by-products, acidity and high osmolarity means 
that bacteria are likely to enter a general stress-resistant state upon entry to stationary phase in 
order to enhance survival prospects. The adaptation of nutrient-depleted stationary phase is 
believed to simulate conditions encountered by mycobacteria within the granuloma (Nyka, 
1974).
The FACS™ analysis of M. smegmatis harvested at late stationary phase of growth before being 
subjected to antibiotic treatment, displayed a higher proportion of rifampicin tolerant cells 
compared to log phase cells. Simultaneous CFU studies demonstrated a step wise increase in the 
number of antibiotic tolerant cells from the low optical densities observed for log phase cells 
(ODeoo of 0.1-0.5) to the higher optical densities observed for stationary phase cells (ODeoo of 
1.0-1.7). This effect could be attributed to the metabolic activity of the cells. During the lag 
phase, active metabolic activity occurs to synthesise DNA and enzymes required for growth. At 
the log phase of growth, metabolic activity is at its highest and cell reproduction exceeds cell 
death. Upon entry to stationary phase of growth, the accumulation of waste products and a lack 
of nutrients lead to an equilibrium in population number, with a slowing of the metabolic 
activities of individual cells. As a result, the action of an antibiotic such as rifampicin, which 
targets messenger RNA synthesis, is attenuated. Furthermore persister cell formation is known to 
increase at mid-log phase of growth and peak at stationary phase of growth (Keren et al., 2004a,
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Lewis, 2007), which could explain why in our study the highest percentage of rifampicin tolerant 
cells were observed at the stationary phase.
This finding is also consistent with the general consensus that stationary phase cultures consist of 
mainly non-dividing cells and bactericidal antibiotics act only on actively growing cells; non­
growing dormant bacteria are resistant to antibiotics (Levin and Rozen, 2006). Nevertheless, it 
has not been ruled out that stationary phase cells constitute a mixture of actively growing cells 
and dying cells as colony forming capacity would remain in a plateau, even in a dynamic 
population of cells where cells are dying and dividing at similar rates. Studies have shown that 
M smegmatis undergoes reductive cell division during stationary phase, and acquire phenotypic 
changes during long-term-stationary-phase survival in the form of fiat colonies, which was 
shown to be a heritable property (Smeulders et al., 1999).
In order to establish that stationary phase cells are phenotypically tolerant to antibiotic, we 
harvested stationary phase cells and diluted the cells into firesh media. We tested the antibiotic 
susceptibility of the diluted culture after less than 24 h and demonstrated that the majority of the 
resulting population was susceptible to rifampicin. It would be interesting to further investigate 
whether the entire population of stationary phase cells start growing and dividing 
homogeneously upon dilution into fresh media, or whether it is composed of dividing and non­
dividing sub-population of cells. It would also be interesting to follow the induction process by 
investigating the time taken for bacteria to “wake up” and become susceptible to the antibiotic. 
Whilst the current work does not answer these questions, it provides a means to study this 
phenomenon.
In order to find out whether quorum sensing has a role in the increased antibiotic stress resistance 
observed for stationary phase cultures, spent growth medium from stationary phase culture 
(which would contain high concentrations of quorum-sensing signalling molecules) was added to 
early log phase cultures of M smegmatis and incubated for 22 h. It was found that adding this 
conditioned media to M. smegmatis cells cultured to early log phase did not increase stress 
resistance of the cells to the antibiotic rifampicin. Instead it was observed that the addition of 
conditioned media to the early log phase cultures resulted in cultures reaching lower optical
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densities compared to that of cultures where no spent medium had been added (ODeoo = 0.7 
compared to ODgoo = 1.5). This is presumably because there are fewer nutrients are available in 
the spent media capable of supporting growth. Similarly, early log phase bacteria resuspended in 
medium with a 10-fold reduction in carbon (0.02% (vol/vol) glycerol) did not reach high optical 
densities after 22 h incubation (ODeoo of 0.8) and did not induce increased tolerance to 
rifampicin at that point. Interestingly, the results suggest that antibiotic stress resistance is partly 
cell density-mediated, and persistence seems to be activated as cells reach high ODs. This 
finding is supported by previous experiments on oxidative stress resistance in M smegmatis, 
where it was found that stationary phase cells were more resistant to oxidative stress and that this 
was induced during late log phase in a cell density-dependent manner (Smeulders et al., 1999). 
The rate of persister cell formation has also previously been demonstrated to be at a maximum at 
the non-growing stationary phase of growth in E. coli (Keren et al., 2004a, Keren et al., 2004b). 
However, the mechanism by which cells acquire persistence does not seem to be the result of 
quorum sensing, as demonstrated by the adding of the conditioned media to the early log phase 
cultures. These findings are also confirmed by a previous study where adding spent media to 
exponentially growing cells of E. coli or Pseudomonas aeruginosa did not significantly increase 
the number of persisters (Lewis, 2007).
One of the major findings of the flow cytometry experiments demonstrated that inorganic 
phosphate starvation and PBS starvation induced phenotypic resistance to the antibiotic 
rifampicin, even for bacteria cultured to low ODs (ODeoo = 0.05-0.3). As a result, persistence 
cannot be purely cell density mediated, as cells cultured in Pi-limited environment did not reach 
ODs comparable to those observed for cells at stationary phase of growth in Pi-sufficient media 
(ODgoo ^  1.5).
The effect of antibiotic tolerance and starvation in PBS has previously been investigated by Betts 
et al. (Betts et al., 2002), who found that nutrient starved mycobacteria exhibited phenotypic 
tolerance to the antibiotics isoniazid and rifampicin. In another study the role of Pi-starvation on 
antibiotic resistance of M. tuberculosis was investigated by Rifat et ah, who found that Pi- 
limitation restricts M tuberculosis growth in a dose-dependent manner, and Pi-starved bacilli 
became phenotypically tolerant to the antibiotic isoniazid (Rifat et al., 2009).
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The changes in the level of antibiotic tolerance for M smegmatis cells in stationary phase of 
growth, PBS starvation or Pi-starved cells that were observed in these studies could be attributed 
to the activation of the stringent response, leading to increased synthesis of intracellular levels of 
the alarmone (p)ppGpp through RelMtb- This is in accordance with literature, as Pi-starved M 
tuberculosis has demonstrated induction of relMtb (Avarbock et al, 2000). Furthermore, the 
ability to adjust cellular (p)ppGpp concentration through RelMtb in response to available nutrients 
or stresses is required for the long term survival of M tuberculosis upon nutrient starvation and 
hypoxia (Primm et al., 2000). However, why would PBS starvation, and Pi-limitation of log 
phase bacteria induce antibiotic tolerance, whereas re-suspending log phase bacteria in 80% 
conditioned media retains antibiotic susceptibility? Such a high concentration of conditioned 
media presents very few available nutrients and thus bacteria should be subjected to nutrient- 
limited stress which should subsequently activate stress response pathways. This result initially 
seemed to be contradictory. It could be explained as a combination of mechanisms that act to 
cancel each other; the conditioned media presents limited nutrient availability and therefore 
bacteria are more likely to enter a dormant state, but the potential presence of resuscitation 
promoting factors (Rpf) in the conditioned media could prevent bacteria from becoming dormant 
or persistent, and as a result the bacteria retain antibiotic susceptibility.
It is therefore suggested that persistence is a dynamic phenomenon where persister cells are pre­
existing at low numbers in a population of bacteria at lag phase and log phase and significantly 
increase in formation during stationary phase of growth, as a response to stress such as nutrient 
depletion, through the activation of the stringent response.
An alternative attractive theory is that persister cells are slow growing cells that have acquired 
phenotypic resistance to antibiotics as a direct result of their slow growth. This slow growth rate 
could be mediated by reducing the concentration nutrients in vitro such as carbon-limitation, or 
inorganic phosphate limitation. Beste et al. demonstrated that maintaining growth at slow or fast 
growth rate and switching between these states is an orchestrated process in M tuberculosis and 
involves a distinct set of genes, rather than a simple adjustment of the same cellular processes.
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This indicates that growth control in M tuberculosis may be significant for virulence and 
persistence in the host (Beste et ah, 2009)
Quantitative differences between the flow cytometry and CFU data could be explained by the 
existence of PI negative cells that did not resume growth during the experiment. These cells were 
invisible in CFU measurements but contributed to the PI negative population. It is possible that 
the cells had lost their viability (did not form colonies after plating) but were still detectable as PI 
negative particles were thus sorted among intact GFP positive cells during FACS™. It could also 
mean that these cells had entered a novel physiological state known as ‘viable but nonculturable’ 
(VBNC) state. In this state, the cells remain viable but are no longer culturable using standard 
laboratory media and agar, and therefore would not be detected with traditional CFU studies 
(Oliver, 2010). Shleeva et al. demonstrated that M. tuberculosis and M. smegmatis can form 
cells in the VBNC state at stationary phase, which can be resuscitated by the addition of the Rpf 
protein or spent culture medium (Shleeva et al., 2004, Shleeva et al., 2002).
Nevertheless, the majority of results firom the flow cytometry measurements accord well with the 
CFU dynamics and support the concept that difference in cell killing is determined by cell- 
density and the extent to which bacteria have entered stationary phase. The “wake up” from 
stationary phase is in turn determined by the growth resumption potency of the medium. 
Nutrient-rich medium is able to support growth and bacteria are able to reach a high cell density 
at stationary phase, whereas nutrient starved medium and media supplemented with a large 
amount of spent media is not able to support growth to the same extent and bacteria reach 
stationary phase at significantly lower optical cell densities. Furthermore, if growth resumption is 
necessary for the cells to become sensitive to antibiotics, then different antibiotics should give a 
similar result regardless of their specific targets in the cell.
The results obtained in this study suggest that classifying bacterial cells into “normal” and 
“persister” cells is an oversimplification, and the frequency of bacteria classified as persisters 
changes over time, and this change significantly depends on the growth conditions. The 
advantage of the conducting flow cytometry experiments with PI staining for determining 
antibiotic susceptibility, were that results could be obtained in “real time”, 1-2 minutes after the
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samples are taken. This method enables informed decisions to be made about the treatment of 
cells in vitro.
6.4 Conclusion
M. smegmatis cells expressing GFP were cultured in different nutrient media, and grown to 
different optical densities, corresponding to different phases of the growth curve. Their antibiotic 
tolerance was investigated by resuspending the cells in media containing rifampicin. The cells 
were subsequently stained with PI and immediately analysed by flow cytometry.
Analysis revealed distinct differences in the live and dead populations of cells that were in early 
stages of growth, lag phase and log phase, compared to cells that existed in stationary phase. Lag 
phase, and log phase bacteria were significantly more susceptible to the rifampicin compared to 
cells that had entered the stationary phase. This suggests that antibiotic tolerance is cell density 
mediated and persistence is activated as the cells reach a certain density. This finding is 
consistent with the general consensus that persister cells are mainly generated at the stationary 
phase of growth (Keren et al., 2004a, Lewis, 2007).
Conditioned media from stationary phase culture of M. smegmatis (containing putative quorum 
sensing signalling molecules), were transferred to early log phase cultures, in order to investigate 
the possibility that antibiotic tolerance could be induced by conditioned media. Contrary to initial 
expectations, analysis showed that adding high concentrations of stationary phase culture 
supernatant to early log phase culture, does not mediate antibiotic tolerance. As a result, quorum 
sensing does not seem have implications in persistence in stationary phase cultures.
The effect of growing cells in different nutrient media was investigated by growing M. 
smegmatis cells in either 7H9 media, Roisin’s carbon-limited media, and Roisin’s phosphate- 
limited media, and investigating the antibiotic susceptibility. It was found that cells cultured in 
7H9 media and Roisin’s carbon-limited (Pi-sufficient) media were susceptible to the antibiotic, 
whereas bacteria cultured in Roisin’s Pi-limited media were antibiotic tolerant at low optical
141
Investigating triggers ofpersistence using flow cytometry
densities. These results were supported by simultaneous CFU studies. These nutritional stresses, 
which were imposed on the bacteria could lead to the activation of the stringent response, 
causing a shut-down in metabolism and render the cells persistent to the antibiotic.
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1 Conclusions
This present study encompassed a wide range of concepts, including the design and manufacture 
of microfluidic devices, fluorescence time-lapse microscopy studies for investigating single cell 
growth and death, and developing a flow cytometry protocol for testing potential triggers of 
antibiotic tolerance in mycobacteria. These studies overlapped and shared a common goal; 
investigating persistence in mycobacteria. The present chapter summarises and concludes the 
findings of this study.
In chapter 4 various microfluidic device designs were presented. The early type microfluidic 
devices, set-up 1, were tested in the initial time-lapse experiments. In these devices the bacteria 
were directly seeded into the large PDMS flow channels, but because the cells were not confined 
to a strict two dimensional layer, they were affected by the direct fluid flow inside the channels 
and detached from the channel walls in the direction of the flow. As a result, the same bacteria 
could not be imaged over time and it was concluded that the design was unsuitable for time-lapse 
studies with mycobacteria.
A “multilayered” microfluidic device, set-up 3, was also developed, and consisted of the thin 
micropattemed layer of PDMS casted from the Cr-on-Si masters manufactured in the EBL 
process, a cellulose dialysis membrane, and a PDMS and glass flow cell with larger flow 
channels for the exchange of nutrients. A mechanical clamp consisting of stainless steel was 
manufactured and used to seal the device. Time-lapse studies with this device, although 
successful in that cells could divide and grow unperturbed over time, were unable to trap single 
cells of mycobacteria within the PDMS microchannels in order to facilitate linear division and 
growth. This was believed to be due to the nature of growth in mycobacteria; the cells grow from 
the tips rather than through lateral wall-extension, which is the case for most other rod-shaped 
bacteria, including E. coli. This results in a “snapping model” of growth and V-shaped division, 
previously reported in addition to literature (Thanky et al., 2007), and observed in this current 
study.
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The final multilayered device design, set-up 4, was similar to set-up 3 except it incorporated an 
alginate hydrogel matrix in which the cells were embedded.
The time-lapse experiments conducted in this study clearly demonstrate the suitability of using 
set-up 4 microfluidic device for single cell studies of mycobacteria. This device design was 
highly robust and was able to effectively trap single cells of mycobacteria for prolonged periods 
of time. It also supported the application and removal of the antibiotic rifampicin for 
investigating antibiotic susceptibility. By incorporating PI into the antibiotic solution rather than 
adding it at the end of the experiment, the resulting death of the bacteria could be observed in 
real time. Using this system, consisting of the microfluidic device, a heated stage, confocal 
microscope and automated syringe pump, we were able to observe the growth, division and death 
of the bacteria via time-lapse microscopy and create time-lapse movies.
Further detailed analysis would be possible using specialised equipment that was unavailable for 
the current study. For example, if the final setup were to be used in combination with special 
developed software based on segmentation techniques such as edge detection, and tracking 
algorithms, the growth and death rates can accurately be determined.
To date, few studies have been published involving time-lapse experiments microfluidics and 
mycobacteria and have so far been limited to the Stewart Cole research group in Lausanne, 
Switzerland, (Makarov et al., 2009, Sala et al., 2010). This likely reflects the fastidious nature of 
mycobacteria, and the difficulty in maintaining an extracellular environment in a device, in 
which the cells can grow and divide. Furthermore, because mycobacteria are slow-growing, any 
device has to be capable of long-term culture, while maintaining an unperturbed environment 
and keeping cells in a single plane of focus.
In this work we also established an in vitro model in which nutrient starvation, and nutrient- 
deprived stationary phase in M. smegmatis causes increased resistance to antibiotic stress, while 
maintaining viability. The bacteria were subjected to different growth media and antibiotic 
susceptibility was tested and analysed with flow cytometry, by studying live and dead 
subpopulations via PI staining. It was found that stationary phase bacteria were antibiotic tolerant
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compared to log phase cells, which was expected as it is recognised that stationary phase bacteria 
generally have increased stress tolerance. These studies suggested that persistence in a 
population of mycobacteria is cell density mediated, and is triggered as the population enters 
stationary phase of growth. However, quorum sensing mechanisms do not seem to play a part in 
this phenomenon. Furthermore, it was found that nutrient starved M smegmatis, including 
resuspension of cells in PBS and in inorganic phosphate-limited media, triggered phenotypic 
antibiotic resistance. This could be attributed activation of stress response pathways, such as the 
stringent response. The stringent response is essential for the survival of M tuberculosis in 
aerobic and oxygen-depleted stationary phase, as well as during suspension of cells in a buffer 
such as PBS. Furthermore, phosphate-limitation was demonstrated to restrict growth of bacteria, 
and slow growth rate could have implications in persistence. PBS starvation and phosphate- 
limitation have previously been established as triggers for antibiotic tolerance in mycobacteria. 
However, to our knowledge, this has been the first study to simultaneously test effects of 
phosphate-limitation, PBS starvation, and stationary-phase-induced starvation on rifampicin 
tolerance in M smegmatis using a flow cytometry method.
The majority of flow cytometry experiments correlated well with the CFU studies, and the speed 
and ease with which each sample could be prepared and tested, compared to conventional CFU 
studies, can provide a practical model for testing novel antimycobacterial drugs aimed at 
persistent bacteria. The studies revealed that antibiotic tolerance and persistence in bacteria is 
likely a dynamic phenomenon, and classing bacterial persistence as a non-growing, dormant and 
antibiotic resistant state, compared to normal growing, antibiotic sensitive cells, is an 
oversimplification.
In summary, the microfluidic device set-up greatly improved by utilising a multilayered design 
consisting of a PDMS flow cell, a cellulose dialysis membrane and a hydrogel matrix on a glass 
coveslip, which was mechanically clamped together. Using this method the cells were confined 
within the hydrogel matrix to a single focal plane to enable time-lapse images and movies of 
growth and death to be recorded. This set up proved robust, and was able to withstand 
continuous flow with nutrient media for the duration the time-lapse studies, without cells being 
displaced. The flow cytometry experiments provided means of obtaining quantitative data
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demonstrating the difference in antibiotic tolerance in bacteria which had been subjected to 
different growth media and cultured to different cell densities prior to antibiotic exposure. The 
live and dead subpopulations of the bacteria could be easily distinguished and quantified through 
staining with PI and the data was represented as one-parameter histograms. Some quantitative 
differences existed between the flow cytometry data and “traditional” CFU experiments and 
likely reflected the small populations of cells that were recorded as PI negative and thus not 
dead, but did not resume growth during the experiment once plated on agar plates. It is possible 
that these cells had lost their viability but were still sorted as PI negative particles in the flow 
cytometer; a possible error. It is more plausible however, that these cells were in a phenotypic 
state known as the ‘viable but non-culturable state’ (VBNC). These results, although provisional 
in their nature, provide an important foundation for future investigations. This method is highly 
adaptable to high-throughput screening for drugs that can kill persistent M tuberculosis.
7.1 Future directions
This project covered a wide range of research topics uncovered several novel aspects of these 
research areas. As a result certain areas were open to further examination.
Although considerable improvements were made to the set-up during the course of the projects, 
further improvements could still be made. One such improvement could be to create a device 
which could be manufactured in a single casting using photolithography. Such a device could 
have a larger main channel for supply of media and smaller growth channels for containing 
single cells that branch out firom the main channel, similar to the set-up used by Wang et al. with 
E. coli. (Wang et al., 2010). However, because of the nature of mycobacterial cell growth and 
because mycobacteria tend to clump together, it is not entirely clear whether this set-up would 
work well.
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Figure 7.1. Possible future design of a microfluidic device from top view (A) and 3D drawing (B), for time- 
lapse studies with mycobacteria. Adapted from Wang et al. (2010).
In order to generate enough data for accurate statistical analysis in single cell movies, the 
microscope system requires improved automation to incorporate a motorised stage such that 
numerous fields of view can be scanned at each time-point in a single experiment, and follow the 
cell fates of thousands of cells. Moreover, to eliminate noise and perturbations such as focal drift, 
the microfluidic device needs to be contained within an incubation chamber for the duration of 
the study in order to minimise temperature fluctuations.
It will be equally important to employ in detail image analysis, to be able to accurately derive the 
individual growth and death rates of single cells within a population, as analysis is otherwise 
subjective. The first stage of such movie analysis is segmentation; the set of pixels belonging to 
each cells are identified on each frame of each movie. Various tactics can be used, including 
edge detection, thresholding, and template-matching techniques. Preliminary studies of images 
generate in this study included image segmentation of the time-lapse images using Harris comer 
detection (Harris and Stephens, 1988), with open source software ImageJ. The results were 
encouraging (Figure 7.2) but further work needs to be done. However, once the cells are 
identified and segmented, tracking algorithms need to be developed in order to trace cell 
lineages. This can be a complex problem as cells grow, divide, and die and move irregularly. 
Often, the already available cell tracking software packages are not optimised for use with 
bacteria and an in-house designed software will need to be developed in order to automate these 
processes for the particular imaging conditions which were used in the project. Ultimately, there
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needs to be an organised community effort between engineers, biologists and computational 
biologists towards developing a general purpose, user-friendly and open-source solution to this 
issue.
K
Figure 7.2. Segmentation of ceils from time-lapse images (Figure 5.3) with Harris corner detection. The figures 
were formatted with ImageJ.
The applicability of time-lapse movies to study cell-to-cell heterogeneity, such as bacterial 
persistence in mycobacteria is only just being realised. Future developments are likely to 
continue employ microfluidic devices for in detail time-lapse studies investigating bacterial 
persistence in more fitting model organisms, such as Mycobacterium bovis BCG. It will be 
interesting to see whether time-lapse movies can also be applied to study microbial metabolism 
or used to gain further insight into heritability of cellular states. However, in order to be able to 
confirm any hypothesis using a model organism, it is important to validate it in experiments with 
M. tuberculosis. As such, a microscope system, such as a confocal laser microscope, will need to 
be maintained in a category 3 biosafety laboratory, suitable for the culture of a pathogen such as 
M. tuberculosis. Using the microfluidic system developed in this project, rare persister cells 
could potentially immediately be identified. Furthermore, the experimental set-up is able to 
support long-term fluorescence time-lapse imaging, which is vital for investigations involving 
slow-growing bacteria such as M. tuberculosis. It could also be used to study the behaviour of a
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wide range of prokaryotes and eukaryotes in different environments, including antibiotic 
susceptibility testing and gene induction experiments with fluorescent reporters.
The flow cytometry experiments could be extended to model M bovis BCG and ultimately M 
tuberculosis. By culturing the bacteria in a chemostat, the growth rate and other associated 
parameters can be accurately controlled which would allow defined environments to be 
established. Antibiotic susceptibility of cells cultured in different media and growth rates could 
be examined with flow cytometry by utilising staining protocols, such as the fixable dead cell 
stain kits from Invitrogen™ (Molecular Probes®). Such a protocol would allow cells to be 
stained and the fluorescent activity to be retained following formaldehyde fixation, which is vital 
for any flow cytometry experiments involving M tuberculosis. This method would allow high- 
throughput screenings for drugs against persistent or indeed drug-resistant M tuberculosis.
It is an important goal of future work to test the growth and survival of individual cells of M. 
tuberculosis in vitro in a defined environment. The implementation of microfluidics and time- 
lapse studies is vital for studies of cells at the single cell level. Such studies allow phenotypic 
traits in a population of cells, to be accurately observed and measured, and provide insight into 
bacterial persistence and latent TB.
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